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EDITORIAL 


China's Research Culture 


GOVERNMENT RESEARCH FUNDS IN CHINA HAVE BEEN GROWING AT AN ANNUAL RATE OF MORE _ Yigong Shiis a 
than 20%, exceeding even the expectations of China’s most enthusiastic scientists. In professor and dean 
theory, this could allow China to make truly outstanding progress in science and research, _ of the School of Life 
complementing the nation’s economic success. In reality, however, rampant problems in Sciences at Tsinghua 
research funding—some attributable to the system and others cultural—are slowing down __ University, Beijing, 
China’s potential pace of innovation. China. E-mail: shi-lab@ 
Although scientific merit may still be the key to the success of smaller research _ tsinghua.edu.cn. 
grants, such as those from China’s National Natural Science Foundation, it is much less 
relevant for the megaproject grants from various government funding agencies, which 
range from tens to hundreds of millions of Chinese yuan (7 yuan equals approximately 
1 US. dollar). For the latter, the key is the application guidelines that are issued each year 
to specify research areas and projects. Their ostensible purpose is to 
outline “national needs.” But the guidelines are often so narrowly 
described that they leave little doubt that the “needs” are anything 
but national; instead, the intended recipients are obvious. Commit- 
tees appointed by bureaucrats in the funding agencies determine 
these annual guidelines. For obvious reasons, the chairs of the com- 
mittees often listen to and usually cooperate with the bureaucrats. 
“Expert opinions” simply reflect a mutual understanding between 
a very small group of bureaucrats and their favorite scientists. This 
top-down approach stifles innovation and makes clear to everyone 
that the connections with bureaucrats and a few powerful scientists 
are paramount, dictating the entire process of guideline preparation. _Yj Rao is a professor 
To obtain major grants in China, it is an open secret that doing good and dean of the 
research is not as important as schmoozing with powerful bureau- —_ School of Life Sciences 
crats and their favorite experts. at Peking University, 
This problematic funding system is frequently ridiculed by the majority of Chinese __ Beijing, China. E-mail: 
researchers. And yet it is also, paradoxically, accepted by most of them. Some believe that — yrao@pku.edu.cn. 
there is no choice but to accept these conventions. This culture even permeates the minds 
of those who are new returnees from abroad; they quickly adapt to the local environment 
and perpetuate the unhealthy culture. A significant proportion of researchers in China 
spend too much time on building connections and not enough time attending seminars, 
discussing science, doing research, or training students (instead, using them as laborers 
in their laboratories). Most are too busy to be found in their own institutions. Some become 
part of the problem: They use connections to judge grant applicants and undervalue 
scientific merit. 
There is no need to spell out the ethical code for scientific research and grants manage- 
ment, as most of the power brokers in Chinese research were educated in industrialized 
countries. But overhauling the system will be no easy task. Those favored by the existing 
system resist meaningful reform. Some who oppose the unhealthy culture choose to be silent 
for fear of losing future grant opportunities. Others who want change take the attitude of 
“wait and see,” rather than risk a losing battle. 
Despite the roadblocks, those shaping science policy and those working at the bench 
clearly recognize the problems with China’s current research culture: It wastes resources, 
corrupts the spirit, and stymies innovation. The time for China to build a healthy research 
culture is now, riding the momentum of increasing funding and a growing strong will to 
break away from damaging conventions. A simple but important start would be to distribute 
all of the new funds based on merit, without regard to connections. Over time, this new culture 
could and should become the major pillar of a system that nurtures, rather than squanders, 
the innovative potential of China. 


— Yigong Shi and Yi Rao 
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EMBRYONIC STEM CELLS 


Arap onthe 
knuckles for IPCC 


Controversial Ruling Throws 
U.S. Research Into a Tailspin 


AUS. judge’s surprise decision last week to 
block government funding of human embry- 
onic stem cell (hESC) research has left sci- 
entists across the country confused, upset, 
and angry. Some, those on the intramural 
staff of the National Institutes of Health 
(NIH) near Washington, D.C., got orders this 
week to stop all hESC work immediately. At 
universities from California to Massachu- 
setts, independent researchers funded by 
NIH were trying to understand what the rul- 
ing means for their own labs. On Monday, 
NIH issued a notice indicating that no more 
money will be released for hESC studies— 
all pending proposals and renewals are on 
hold—but investigators who received grant 
awards before 23 August can continue to 
spend the funds. That interpretation could, 
however, be open to challenge. 

Scrambling to save 
projects in mid-exper- 
iment, at least one lab 
chief shifted hESC 
work from U.S.-funded 
to privately backed 
facilities. Most can’t 
afford that luxury. 
Another called together 
junior colleagues to let 
them know that their 
work would have to 
stop soon, barring a 
reprieve, and that some 
might have to be let go. Still others hoped 
that a legal appeal—filed by the U.S. Jus- 
tice Department as Science went to press— 
would bring a stay of execution. In a blunt 
statement last week, NIH Director Francis 
Collins summed up the turmoil by saying, 
“This decision has just poured sand into that 
engine of discovery.” 

The crisis erupted on 23 August, when 
Chief Judge Royce Lamberth of the U.S. Dis- 
trict Court for the District of Columbia issued 
a preliminary injunction requested by two 
researchers who claim that federal funding 
for hESC research is illegal. The injunction 
cites a ban on support for research in which 


aN 


human “embryos are destroyed,” adopted 
initially by the U.S. Congress in 1996 and 
known as the Dickey-Wicker Amendment. 
The judge said the government must set aside 
NIH’s 2009 Guidelines for Human Stem Cell 
Research—the Obama Administration doc- 
ument that lays out NIH’s rules for working 
with the cells—and halt the hESC funding it 
allowed (Science, 10 July 2009, p. 131). 

The Administration has asked the courts 
to lift the injunction until an appeal can be 
heard. Legal experts say that even if granted, 
relief could be temporary because a higher 
court could affirm Lamberth’s ruling later. 
The judicial process could take months. 

Most observers agree that action by Con- 
gress will be needed to ensure federal fund- 
ing of hESC research in the long run. Indeed, 
stem cell research champions hope to per- 


“If one step or ‘piece of 
research’ ... results in the 
destruction of an embryo, 
the entire project is 
precluded from receiving 
federal funding.” 


—JUDGE ROYCE LAMBERTH, 
U.S. DISTRICT COURT 
FOR THE DISTRICT OF COLUMBIA 


suade Congress to override the Dickey- 
Wicker Amendment for research on hESCs 
soon after members return to Washington on 
13 September. However, the prospects for 
action on such a hot-button issue in an elec- 
tion year are hard to predict. 

At the heart of Judge Lamberth’s ruling is 
the question of whether the Dickey-Wicker 
rule prohibits federal funding for research 
on hESCs that have already been derived. 
Both the George W. Bush Administration 
and the Obama Administration agreed that 
the amendment bars federal funds for deriv- 
ing hESCs because embryos are destroyed 
in the process. But Bush announced on 


China scopes 
out Antarctica 


9 August 2001 that work on cell lines 
derived before that date would be permit- 
ted, and Obama’s executive order, issued on 
9 March 2009, extended the permission to 
many other hESCs (Science, 13 March 2009, 
p. 1412). Judge Lamberth ruled, however, 
that the distinction between deriving hESCs 
and using them is invalid: “If one step or 
‘piece of research’ ... results in the destruc- 
tion of an embryo, the entire project is 
precluded from receiving federal funding.” 

Experts do not agree on the strength of 
Lamberth’s legal arguments. Some say the 
challenge was to be expected. Louis Guenin, 
a lecturer in ethics in science at Harvard 
Medical School in Boston who has written 
extensively on the ethics of embryo research 
and hESCs, supports federal funding for 
hESCs but believes the judge is correct that 
funding for hESC work is incompatible with 
current law. Guenin warned shortly after 
Obama’s election that an executive order 
like the one Obama issued would be vulner- 
able to legal challenge. If Congress wants to 
avoid future problems, Guenin and others 
say, it must remove the prohibition against 
embryo research or pass a law that says the 
government can fund hESC work. 

But others think the ruling was a bad 
decision. Professor Hank Greely of Stanford 
Law School in Palo Alto, California, argues 
that Dickey-Wicker is unclear on whether 
it allows for research on hESC lines. And 
in cases in which a law is ambiguous, the 
courts must defer to the interpretation of the 
executive branch, he says. Three successive 
presidential administrations have found that 
Dickey-Wicker allows for hESC research, 
Greely points out. “We’ve got 11 years of 
consistent interpretation by the federal gov- 
ernment. That’s pretty powerful,” he says. 

Robert Charrow, a former Health and 
Human Services Department attorney now 
at the Greenberg Traurig firm in Washington, 
D.C., says the case should never have gone 
this far. He thinks the courts “erred” in rec- 
ognizing that the plaintiffs—James Sherley 
and Theresa Deisher—had standing to sue the 
government. These two researchers work with 
adult stem cells but avoid hESCs for moral 
reasons. In their suit they claimed that as com- 
petitors for NIH grants, they would be injured 
by policies that allowed others to win funding 
for hESC studies, a type of research they con- 
sider illegal. That claim of harm gained them 
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access to court and yielded an injunction. 

In the confusion surrounding the legal 
issues, one thing seems clear: For research- 
ers working with the cells, the world has 
changed. That wasn’t immediately appar- 
ent from Lamberth’s ruling, which said that 
halting federal support “would not seriously 
harm ESC researchers because the injunc- 
tion would simply pre- 
serve the status quo.” 
Stem cell researchers 
beg to differ. 

Raising funds to 
replace frozen NIH 
grants is no easy pros- 


Number 


50 grant proposals awaiting peer review 


12 proposals through initial peer review, 
awaiting council review 


The rise and fall 
of a killer theory 


of the project involves hESCs, NIH has told 
her that she can’t revise it to remove the 
hESC component. Submitting a new grant 
from scratch would take at least a year from 
review to receiving funding, she says. 

C. Anthony Blau, a hematologist at the 
University of Washington, Seattle, says 
the ruling has made him rethink two grant 


GRANTS AT RISK ~ i 


Funding 


Not available 


$15 million to $20 million 


Hot dispute over 
the sun’s makeup 


this [injunction] will be stayed” while the 
appeals court reviews Lamberth’s ruling, 
Greely says. If so, he adds, the case could 
be heard by early 2011 and a decision issued 
by spring. But if the appeals court upholds 
the injunction, he expects the government 
to request an expedited appeal, which could 
take less time. 


pect, says Margaret 
Goodell, a stem cell sci- 24 grants up for annual renewal in September $54 million 
entist at Baylor College 199 grants up for annual renewal in 2011 $131 million 


of Medicine in Hous- 
ton, Texas. Goodell says 
she received her annual 
grant renewal notice 


Frozen. September grant renewals and review of new grants for hESC studies are 
on hold; more grants could be at risk next year. UCLA’s Amander Clark could lose 
her funding in February. 
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a few days before the 
injunction was issued, so she is assuming 
for now that she can continue work. But 
had the notice been delayed by a few days, 
she says, she mighthave had to lay offas many 
as 20 people in her lab who are supported 
by the grant. 

For Amander Clark, a developmental 


5 biologist at the University of California, 


Los Angeles, the situation is more acute. 
= Her $1.9 million grant application has been 
tabled—meaning it’s out of competition 
® indefinitely —and a5-year $1.7 million grant 
3 funded under the Bush Administration rules, 
due for renewal in January, is at risk. “As a 
new PI [principal investigator] just getting 
my lab off the ground, I am devastated. I am 
worried about my tenure, I am worried about 
my graduate students, and I am worried 
about my postdocs.” The situa- 
© tion has hit young investigators 
= particularly hard, she says: “We 
do not have the track record yet 


applications he is about to turn in. Both were 
supposed to involve hESCs, but he is now 
revising his plans. “It’s a very promising 
approach that is just going to be blocked at 
this point,” he says. 


Stay of execution? 
Evidence on promising treatments delayed 
and the disruption of research plays a role 
in the government’s request for a stay of 
the preliminary injunction. Federal lawyers 
argue that the potential harm to the careers 
of Sherley and Deisher is outweighed 
by the harm to taxpayers whose research 
investments are being wasted and to patients 
who are potentially being deprived of 
new treatments. 

“T think there’s a very good chance that 


“This decision has 


Meanwhile, stem cell research supporters 
are hoping Congress will take quick action to 
reverse the research ban when members return 
from recess in mid-September. Representative 
Diana DeGette (D—CO) plans to push for pas- 
sage of a bill she co-sponsored with Michael 
Castle (R-DE) that would codify Obama’s 
executive order. A similar bill passed Con- 
gress twice but was vetoed by Bush. 

The bill in previous forms would not end 
the Dickey-Wicker problem. That is likely 
to persist unless Congress votes to elimi- 
nate the amendment or modify it to allow 
for hESC research. “We will find a way to fix 
this,” a House Democratic aide says. On the 
Senate side, Tom Harkin (D—IA) announced 
that, as chair of the appropriations subcom- 
mittee that approves NIH’s budget, he will 
hold a hearing on 16 September to look at 
ways to modify the Dickey-Wicker rider. 

Although some observers expected that 
lawmakers would steer clear of the divisive 


2 to easily or quickly secure funds just poured sand stem cell issue before the November midterm 
2 from nonfederal sources. into that engine elections, they may not be able to avoid it. 
Research results soon . . Even so, with House of Representatives and 
become stale. Clark says she of discovery. Senate Democratic leadership so far silent 
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may write papers quickly so 
- the preliminary data aren’t lost, 
even though the grant is only 
1.5 years old. For now, Clark 
says, the grant under review is in 
limbo. Although only one-third 


—FRANCIS COLLINS, 
DIRECTOR, NIH 


on the issue, it’s unclear how far their efforts 
will get in the 3 weeks before Congress 
breaks again. The turmoil in Washington over 
Lamberth’s ruling could leave stem cell 
researchers in limbo for many more months. 

-JOCELYN KAISER AND GRETCHEN VOGEL 
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CLIMATE CHANGE 


NEWS OF THE WEE 


Panel Faults IPCC Leadership But Praises Its Conclusions 


The world’s most authoritative climate science 
body has performed well enough so far, says 
a new independent review of the Intergovern- 
mental Panel on Climate Change (IPCC). But 
the report, from a panel convened by a coali- 
tion of national science academies, says the 
increased public scrutiny IPCC is facing and 
the growing importance of its work means 
that it must do better than that. 

“Overall, IPCC’s assessment process has 
been a success and served society well,” says 
Harold Shapiro, 
president emeritus 
of Princeton Uni- 
versity and head of 
the review carried 
out by the Inter- 
Academy Coun- 
cil IAC). But “it’s 
not as agile and 
responsive as it 
needs to be,” the 
report says. 

The review 
comes at a trying 
time for IPCC. 
It has produced 
four major assessment reports on the world’s 
changing climate since it was established by 
the United Nations in 1988, each involving 
thousands of scientists and running for thou- 
sands of pages. And it was awarded the Nobel 
Peace Prize in 2007. But the disclosure late last 
year of e-mails from climate scientists being 
dismissive of critics’ arguments and requests 
for data, and the discovery of errors in its 2007 
report related to Himalayan glaciers (Science, 
13 November 2009, p. 924) and sea-level 
rise, have put “dents” in its reputation, says 
Shapiro. The group’s response has exacer- 
bated the problem, say a number of IPCC’s 
scientific supporters. “After 20 years, there’s 
room for improvement,” says economist 
Richard Richels, a longtime IPCC contributor. 

Reports by the U.S. National Academies 
and scores of individual papers in recent 
months have confirmed the bottom line of the 
IPCC assessments: The world is warming due 
to release of greenhouse gases from human 
activities, and the emerging consequences 
are severe. But the 113-page report, requested 
by IPCC and the United Nations, identified 
plenty of areas needing work. It called for a 
stronger leadership structure, including add- 
ing the positions of executive director and an 
executive board, and term limits for top panel 
officials. It also recommends tighter review 


Repair man. Shapiro says 
critics have put “dents” in 
IPCC’s reputation. 


procedures, along with a clear conflict-of- 
interest policy, greater attention to view- 
points outside the scientific mainstream, and 
improved handling of outsider comments. 

The report notes that IPCC lacks proce- 
dures to deal with any errors, and it asserts 
that its current structure is poorly designed 
to deal with the public consequences of those 
mistakes. In the case of the infamous error 
on the Himalayan glaciers—the IPCC report 
said that the mountains would be ice-free by 
2035—IPCC Chair Rajendra Pachauri said 
a report contrary to that assertion was “voo- 
doo science.” Months later, however, IPCC 
reversed itselfand issued a statement of regret. 
That “very poor” response was one exam- 
ple of why IPCC needs stronger leadership, 
Shapiro told Science. 

In 2007, Pachauri created an executive 
team comprised of top officials and scientists 
from each of IPCC’s three working groups to 
make its leadership more cohesive. Shapiro 
called the change “a good idea that failed.” 
The report said a formalized executive board 
and executive director, reporting to the chair, 
would be better suited to respond to day-to- 
day issues. Although the report called for a 
6-year term limit for the chair and other top 
positions, Pachauri, in his ninth year on the 
job, showed no signs of willingness to hand 
over the reins today. (Shapiro said his group 
was not asked to provide advice on whether 
Pachauri should remain.) 

The report said that increasingly varied 
and complex studies of climate science have 
taxed the limited resources of the IPCC staff 
and hundreds of volunteer reviewers. To help 
ease the onslaught, the report suggested that 
existing review editors—who oversee each 
chapter’s multistep review process—rank the 
importance of the comments they do receive 
and that they urge chapter authors to respond 
to public comments. 

IPCC critic and respected climate skeptic 
John Christy of the University of Alabama, 
Huntsville, called that a “welcome” recom- 
mendation. Several comments had pointed 
out the 2035 error to no avail, for example, 
although Shapiro said he didn’t know if more 
forceful oversight would have prevented 
authors from ignoring them. 

The IAC report scolds IPCC’s Working 
Group 2, which deals with the effects of cli- 
mate change, for being imprecise. The report 
criticized the working group’s “high confi- 
dence” in the assertion that adapting to sea- 
level rise “could amount to 5%-10%” of gross 
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domestic product despite the fact that it was 
based on only “a small number of unpublished 
studies.” It calls for a more rigorous emphasis 
on explaining uncertainty. 

In a press conference, Pachauri said 
repeatedly that he was open to nearly every 
suggestion but that IPCC would “have to dis- 
cuss” many of them before implementing any 
new policies. Any fundamental changes to the 
panel’s leadership structure would need to be 
adopted by IPCC’s sponsoring governments 
at their yearly meeting in October in Busan, 
South Korea. 

Shapiro hopes that the chair and his col- 
leagues will respond. He says it’s important 
to the world that the “thousands of scientists 
working somehow together to deliver impor- 
tant information on the state of the climate ... 
succeed.” -ELI KINTISCH 
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ANTARCTICA 


In Ground-Based Astronomy’s Final 
Frontier, China Aims for New Heights 


XI'AN, CHINA—No place on Earth rivals the 
Antarctic Plateau for stargazing. The air 
is thin and bone-dry; dust is minimal. As 
observatories go, the higher the better—and 
at 4093 meters above sea level, it doesn’t 
get any higher on the East Antarctic icecap 
than Dome A. Last year, Chinese researchers 
opened Kunlun Station near Dome A. Now 
they intend to find out if a superior vantage 
point translates into superior astronomy. At 
a workshop here last month, astronomers 
unveiled plans to build two major telescopes 
at Dome A during the Chinese government’s 
next 5-year plan, to start in 2011. 

The 2.5-meter Kunlun Dark Universe 
Telescope, or KDUST, would survey the 
optical and near-infrared bands for planets 
beyond our solar system and plumb the mys- 
teries of dark matter and dark energy. How- 
ever, “one instrument would be lonely,” says 
astronomer Yang Ji, director of Nanjing’s Pur- 
ple Mountain Observatory, which is develop- 
ing a companion: a 5-meter terahertz (THz) 
telescope to observe 200- to 350-micrometer 
wavelengths. This “underexplored frequency 
window” is acutely sensitive to gas clouds— 


Steady gaze. KDUST would sit above Dome A’s thin 
layer of turbulent air. 


ideal for probing, for example, star and planet 
formation, says Qizhou Zhang, an astrophysi- 
cist at the Harvard-Smithsonian Center for 
Astrophysics in Cambridge, Massachusetts, 
and a member of the group that initiated the 
THz telescope project. Outside experts are 
impressed. “It’s a very ambitious and exciting 
program,” says John Storey, an astronomer at 
the University of New South Wales (UNSW) 
in Sydney, Australia. 

The Chinese Academy of Sciences has 
requested | billion yuan ($150 million) for 
the telescopes and support platform—one 
of several science megafacilities that the 
country’s powerful National Development 
and Reform Commission is weighing for 
the 12th 5-year plan. A decision is expected 
around year’s end. 

The two telescopes would be a major 
expansion of China’s formidable Antarctic 
buildup. During the 2007-08 International 
Polar Year, China erected Kunlun Station, 
teamed with the United States and others to 
study the Gamburtsev Mountains—the ori- 
gin of the East Antarctic ice sheet—and with 
Australia began testing observing conditions 
at Dome A. To pave the way for expansion, 
China last year built an ice runway at Kunlun; 
until now, all materials and people have been 
brought in by arduous traverses. 

China is not making a leap into the 
unknown. Antarctic astronomy first made 
headlines in 1998, when BOOMERANG, a 
U.S. National Science Foundation (NSF)— 
sponsored balloon experiment, mapped the 
cosmic microwave background and found that 
the universe is flat. As an encore, a 10-meter 
telescope at the U.S. Amundsen-Scott South 
Pole Station brought online in 2007 has begun 
microwave background studies. “South Pole 
shows it is possible to build major astronomi- 
cal facilities in Antarctica,” says Storey. 

Plenty more is in the works. The com- 
ing austral summer at the South Pole should 
see completion of IceCube, the biggest neu- 
trino observatory in the world. Then next 
year, the NSF-funded South Pole Ultraviolet 
Pathfinder will lay the groundwork for map- 
ping the cosmic web, the universe’s scaffold- 
ing of dark matter. Also next year, U.S.-led 
teams plan to field two experiments—the 
Stratospheric Terahertz Observatory balloon 
to be launched from McMurdo Station, and 
the High Elevation Antarctic Terahertz tele- 
scope, a 0.5-meter instrument to be installed 


at Ridge A in East Antarctica. And a six- 
nation consortium has proposed a 2.5-meter 
optical-infrared telescope for Dome C, where 
the French-Italian Concordia station has con- 
ducted extensive site testing. 

The numerous efforts underscore the fab- 
ulous observing conditions on the plateau. 
Frigid temperatures make for a low infrared 
background, and aerosol concentrations are 
1/50 of those at temperate sites. Water vapor 
is a bane for submillimeter and THz observa- 
tions. Compared with one of the best sites in 
temperate latitudes—Mauna Kea in Hawaii— 
“Dome A is a factor of 10 drier,” says Storey. 
“That’s a staggering advantage.” 

Indeed, the view from Dome A may be 
unbeatable. “This is a totally different ball- 
game from other astronomical sites,” says 
UNSW’s Michael Ashley. In January 2008, 
Chinese astronomers deployed PLATO, a 
suite of site-characterization instruments, at 
Dome A. It confirmed not only that Dome 
A surpasses other plateau outposts, says 
Ashley, but also that “sometimes the view 
rivals Hubble.” And the boundary layer of tur- 
bulent air at Dome A is only about 14 meters 
thick, compared with 200 meters at the South 
Pole, making it far cheaper to perch telescopes 
above Dome A. 

Chinese astronomers won’t have to wait 
for a decision on the megaproject proposal to 
start ramping up at Dome A. Funding is set for 
installation next year of the Antarctic Schmidt 
Telescopes, a trio of 50-centimeter telescopes 
that should detect at least one Earth-sized 
extrasolar planet per year and supernova 
explosions within half an hour after they 
become visible, says Lifan Wang, an astrono- 
mer at Texas A&M University in College Sta- 
tion and director of the Chinese Center for 
Antarctic Astronomy. “This will help us study 
explosion mechanisms,” he says. 


Meanwhile, plans are in full swing for 2 
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KDUST, designed by the Nanjing Institute of # 


Astronomical Optics and Technology, and the 
5-meter THz telescope. The latter has a hard 
act to follow: Europe’s year-old Herschel 
Space Observatory, which “has opened up 
a new field for terahertz astronomy,” Zhang 
says. But Herschel has a 3-year design life, 
and “it’s very difficult to get time on it,” he 
says. “The 5-meter at Dome A will continue 
discovery that Herschel started.” It’s also a 
steppingstone to a 15-meter THz telescope 
China hopes to build in Antarctica after 2015. 
Likewise, KDUST is a prelude to a 6- to 
8-meter optical and near-infrared telescope. 
Long before those huge telescopes become 
reality, however, Chinese researchers will 
have put Dome A on the astronomy map. 
—-RICHARD STONE 
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NEWS OF THE WEEK le 
ScienceNOW 


From Science's Online Daily News Site 


The First Feast? 


Whether it’s Thanksgiving dinner or Mother's Day 
brunch, people around the world gather to pig out 
on special occasions. A new study finds that such 
feasts have been going on for at least 12,000 years. 

Two years ago, archaeologists Natalie Munro of the 
University of Connecticut, Storrs, Leore Grosman of 
The Hebrew University of Jerusalem, and colleagues found the body of an approximately 45-year- 
old woman at Hilazon Tachtit, a cave west of the Sea of Galilee in Israel, which was occupied by 
hunter-gatherers during the transition between the prefarming Paleolithic and the agricultural 
Neolithic periods. Her skeleton was surrounded by animal remains, including the shells of 71 tor- 
toises and the bones of at least three wild cattle. 

In the new study, reported in the Proceedings of the National Academy of Sciences, the team 
finds that the wild cattle bones show clear signs of butchering and that the tortoise shells were bro- 
ken in such a way as to make the meat easily accessible. The meat could have fed 35 or more people. 

This is the “best documented case” of early feasting to date, says Brian Hayden, an archaeolo- 
gist at Simon Fraser University in Burnaby, Canada. He says that feasting was key to the social tran- 
sition between hunter-gatherer and farming societies. http://bit.ly/first-feast 


The World's Smallest Refrigerator 

You may have a $10,000 Sub-Zero fridge 

in your kitchen, but this is cooler. Theoreti- 
cal physicists have dreamed up a scheme to 
make a refrigerator out of a pair of quantum 
particles such as ions or atoms. 

Noah Linden, Sandu Popescu, and Paul 
Skrzypczyk of the University of Bristol in 
the United Kingdom will report in Physical 
Review Letters that, at least in principle, 
they can use two quantum particles called 


things just right and the qubits spontane- 
ously “flip” between their excited and non- 
excited quantum states in a way that siphons 
energy out of the target qubit and cools it 
toward absolute zero. 

No word yet on when physicists might 
unveil the smallest possible beer. 
http://bit.ly/tiny-fridge 


1980s and ‘90s, African nations proposed 
an unusual solution: trophy hunting. They 
hoped that by allowing rich game-chasers to 
shoot a few animals, landowners would have 
an incentive to conserve lion habitats and 
keep the species alive while boosting their 
local economies. 

The strategy has backfired, according to 
an upcoming study in Conservation Biol- 
ogy. Led by Craig Packer of the University of 
Minnesota, Twin Cities, 


‘Hunting for Conservation’ Backfires 
African lions are one step away from becom- 


CREDITS (TOP TO BOTTOM): NAFTALI HILGER; THINKSTOCK; INDRANEIL DAS/INSTITUTE OF BIODIVERSITY AND ENVIRONMENTAL CONSERVATION 


“qubits” to cool a third. The trick is to put 
two of the qubits—including the one to be 
cooled—in contact with a cold bath and the 
third one in contact with a hot bath. Arrange 


A Pea-Sized Frog 


ing an endangered species, and a measure 

designed to preserve them is to blame. 
Lion populations have plummeted more 

than 90% over the last 70 years. In the 


The smallest frog on three continents has a loud voice, and that’s the only way 
scientists were able to find it. Starting at dusk, the males emit a chorus of harsh, raspy 
calls. Researchers report in Zootaxa that they discovered the pea-sized amphibians on 
the side of the Gunung Serapi mountain in Borneo, chirping amid the tiny Nepenthes 
pitcher plants they call home. Named Microhyla nepenthicola, the male frogs measure 
only 10.6 to 12.8 mm long, making them the tiniest frogs in Europe, Asia, and Africa. 
(The females are almost twice as long.) The amphibians’ high surface-to-volume ratio 


means that they lose water quickly, so they do most 
of their mating and eating near the moist pitcher 
plants. They're not the world’s smallest frog, 
however: That record is currently held by 
two 9.8-mm-long amphibians in the New 
World, the gold frog in Brazil, and the Monte 

Iberia dwarf frog in Cuba. http://bit.ly/tiny-frog 


a team of biologists 
analyzed the amount 
of game brought 

back by hunters from 
21-day safaris, the 
only legal way to hunt 
lions in Tanzania. They 
discovered that from 
1996 to 2008, the 
number of lions hunt- 
ers bagged in the East 
African nation decreased by half. Expanding 
agriculture, disease, and retaliatory killings 
might all play a role in the decline, the team 
concludes, but those threats paled in com- 
parison to recreational hunting. 

Although Packer acknowledges that the 
idea of hunting for conservation may work 
in theory, “there's no point in providing the 
animal with economic value and then over- 
hunting them.” http://bit.ly/trophy-hunting 


Read the full postings, comments, and more 
at news.sciencemag.org/sciencenow. 
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ENERGY INNOVATION 


Novel Grant Promises Greener Buildings, Regional Growth 


Civilian and military personnel working at 
the sprawling Philadelphia Navy Yard along 
the city’s waterfront on the Delaware River 
went to Building 661 for exercise. But in 
1995, the pool, basketball court, and fitness 
center inside the building were shuttered 
when the U.S. government closed the entire 
500-hectare compound that since 1871 had 
helped the country go to war. Now the build- 
ing itself is due for a workout. 

Last week, a consortium led by Pennsyl- 
vania State University won a federal compe- 
tition for $129 million over 5 years to spur 
efforts to develop technologies for making 
buildings more energy efficient. Building 
661 will be retrofitted and reopened to help 
the country wage war against two 21st cen- 
tury opponents: global warming and energy 
profligacy. It’s the centerpiece of an effort 
to transform the entire Navy Yard complex 
into a test bed for reducing the carbon foot- 
print of a sector that accounts for roughly 
40% of U.S. energy consumption. The grant 
also represents a novel approach by the 
U.S. government in funding energy research 
and development. 

The Greater Philadelphia Innovation 
Cluster (GPIC) for Energy Efficient Build- 
ings is the third Energy Innovation Hub 
that the Department of Energy (DOE) has 
funded this year. Last year, Energy Secretary 
Steven Chu proposed eight “Bell Lablets” 
that would bring large teams of scientists 
and engineers together to tackle complex 
and important energy problems. Congress 
gave him money for three hubs: One, for 
turning sunlight into fuels, is based at the 
University of California, Berkeley; the sec- 
ond, to develop the next generation of com- 
mercial nuclear reactors, is housed at DOE’s 


Shipshape. A former exercise 
center at the Philadelphia Navy Yard 


Oak Ridge National Laboratory. 

But GPIC, as its name implies, is more 
than a hub. It’s also the first federally funded 
regional innovation cluster. A RIC is meant to 
raise the overall innovation IQ of a geograph- 
ical area, and an E-RIC is supposed to do that 
by concentrating on clean energy technolo- 
gies. Although DOE is the driver for the Phil- 
adelphia project—putting up $122 million of 
the total for the core research and technology 
activities—the Small Business Administra- 
tion and three programs within the Depart- 
ment of Commerce are also chipping in 
money to promote economic redevelopment, 
strengthen manufacturing, and provide job 
training throughout the region. As Chu said 
in February when he announced the E-RIC 
competition, “energy efficient buildings rep- 
resent one of our best and most immediate 
opportunities to create jobs, save money, and 
cut carbon pollution.” 

As early as this fall, scientists and engi- 
neers will begin swarming over the same 
ground once trod by steamfitters and ensigns. 
The idea of using an existing brownfield site 
is one of GPIC’s more attractive features, 
says Henry Foley, Penn State’s vice presi- 
dent for research and dean of its Graduate 
School, who’s heading the new cluster. 

“Tt’s a city within a city,” says Foley, a 
professor of chemical engineering with 
extensive industrial and academic experi- 
ence, about the Navy Yard. “It has its own 
energy grid. We have more than 200 build- 
ings to play with, of all sizes and shapes, and 
there’s already a plan to rejuvenate it. We 
think it’s a perfect place to begin.” 

The state is kicking in $30 million to help 
retrofit Building 661 and construct an adja- 
cent integrated building sciences lab that 


will be retrofitted as part of a new energy hub. 


together will serve as home for the hub. Each 
partner in the cluster—a far-flung alliance of 
90 organizations that includes Purdue, Vir- 
ginia Tech, Michigan, and Carnegie Mellon 
universities; IBM and United Technologies 
Corp.; and two DOE labs, Lawrence Liver- 
more and the Princeton Plasma Physics 
Laboratory—will send scientists and engi- 
neers to work at the site, Foley explains. 

Foley’s job is to keep them marching 
toward the same, clear goal. “Look at all 
the progress we’ve made in other indus- 
tries in design, building, and manufacturing 
processes,” he begins. “Take automobiles. 
They’ve come up with new materials, better 
combustion engines, improved efficiency, 
reduced emissions. There’s nothing compa- 
rable to that in the building industry.” 

The building sector needs to develop 
similar designs for superlow emissions and 
superhigh efficiencies, he argues. “Our first 
task is to do the science and engineering 
that’s needed for innovations in how new 
buildings are constructed and how existing 
buildings can be rehabbed to meet higher 
standards,” he says. “Then we’ll try to put 
them into general use. ... Retrofitting an 
existing structure and integrating it into 
the larger grid is a challenge that America 
faces. So we think it should be our chal- 
lenge, too.” 

Foley says previous attempts ignored key 
components of what it takes to be green. “In 
the 1970s, we made buildings more energy 
efficient, but they were not always habitable 
because the materials that they used were 
harmful to people and to the environment,” 
he says. “And in today’s tough economic cli- 
mate, no one would risk using something 
that hasn’t been proven effective.” 

Although those who lost out to Penn 
State wish the decision had gone their way, 
they seem pleased that DOE is supporting 
interdisciplinary collaborations in build- 
ing efficiency. “This is a field that has been 
chronically underfunded in the United 
States,” says Leon Glicksman, a profes- 
sor of building technology and mechanical 
engineering at the Massachusetts Institute 
of Technology (MIT) in Cambridge, the lead 
institution on a proposal from New England 
that would have converted an empty ware- 
house on campus into a testing and learn- 
ing center. “It was amazing to see how many 
people at MIT from different fields were 
interested in the idea.” 

—JEFFREY MERVIS 
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NEWSMAKER INTERVIEW: FRANK GANNON 


Ireland's Departing Research Chief 
On Irish and European Science 


In his early 60s and back in his native coun- 
try after a decade-plus stint in Germany run- 
ning the European Molecular Biology Orga- 
nization, Frank Gannon probably could have 
finished out his career comfortably as direc- 
tor of the national funding agency Science 
Foundation Ireland (SFI), a position he’s 
held since 2007. But after celebrating SFI’s 
10th anniversary in October, the biologist 
will resign his position at the end of the year 
and head off to Australia to become direc- 
tor of the Queensland Institute of Medical 
Research (QIMR) in Brisbane. 

QIMR already has some 700 scientists 
working in about 60 research groups and 
is expanding thanks to state investment. 
Gannon’s move will allow a return to the 
lab to conduct research on steroid hormone 
receptors and DNA methylation, something 
he gave up to direct SFI. “That’s some- 
thing that is a really attractive aspect of the 
[QIMR] job. I found I hadn’t stopped won- 
dering about some of the questions I was 
working on.” 

Gannon has been an active player in Euro- 
pean science policy. He lobbied strongly, for 
example, for the creation of the European 
Research Council (ERC), which funds indi- 
vidual scientists in Europe. He says that ERC 
is off to a great start but notes that more than 
95% of its grants go to just 15 of the Euro- 
pean Union’s 27 members. Perhaps, Gannon 
argues, ERC should create a new grant pro- 
gram “to build up strengths in places that are 
not fully competitive at the moment.” 

—JOHN TRAVIS 


Q: There may be a perception that you are 
leaving SFI before Ireland is forced to make 
even more drastic cuts to its funding. Can you 
reassure SFl's scientists? 

F.G.: This year has been a year of absolute 


economic stringency to make sure we could 
get the most out of the funds that were pro- 
vided. There were cuts in our budget. Ire- 
land is in a state where that was inevitable, 
unsurprising. ... Will there be another cut 
next year, and is this the end of the strategy 
[to grow the economy through research and 
development]? The government has said in 
meetings and in the media here that the SFI 
budget will be increased next year, 2011. 
Then it will be back on track for some years 
to come. ... There is a realization at the high- 
est policy level that Ireland has to have a 
smart, or knowledge-based, economy. There 
is a recommitment to increased funding for 
research, development, and innovation. 


Q: In terms of European science, are you opti- 
mistic or pessimistic about the region? 

F.G.: By nature, I’m optimistic. I think the 
Irish story is being rerun at the European 
level. There was a time in many European 
countries where the research world felt it 
was sufficiently special that it didn’t need to 
do anything other than good research. The 
new emphasis in Europe and on the national 
level is that knowledge is necessary but not 
sufficient. Getting linkages between the 
knowledge and the economy is something 
that is exercising many people’s minds. 


Q: Has the European Research Council lived 
up to your expectations? 

F.G.: I think it has not only lived up to expec- 
tation but is now seen as a core component 
{of European science]. ... The researchers 
that are being identified are setting stand- 
ards for everyone else. [An ERC grant] has 
quickly become a symbol of excellence. The 
E.U. wasn’t always associated with being a 
symbol of excellence. It was a symbol of 
effectiveness but not excellence. 


NEWS OF THE WEEK l= 


Sciencelnsider 


From the Science 
Policy Blog 


The editor of the journal Cognition says he 
believes that fabrication is the most plau- 
sible explanation for data in a 2002 paper 
by Harvard University’s Marc Hauser involv- 
ing cotton-top tamarins. The paper, which 

is being retracted, adds to growing doubts 
about the validity of Hauser’s work on the 
cognitive gap between humans and monkeys. 
http://bit.ly/cognition-editor 


Continuing an apparent campaign to wipe 
out political dissent on campus, the Ira- 
nian Ministry of Science has removed the 
founder-director of the Institute for Advanced 
Studies in Basic Sciences in Zanjan and the 
chancellor of Sharif University of Technology 
in Tehran and replaced them with scientists 
who are strong supporters of President 
Ahmadinijad. http://bit.ly/iran-firings 


The European particle physics laboratory, 
CERN, has announced a 6% cut in spend- 
ing over the next 5 years that puts some 
projects on a longer time frame. It keeps 
open the world’s largest atom smasher— 
the 27-kilometer-long, subterranean Large 
Hadron Collider—and avoids layoffs. 
http://bit.ly/cern-trims 


China’s self-appointed science fraud buster 
was assaulted outside his Beijing apartment 
this week. Police are investigating the attack 
by two men on Fang Shimin, better known 
by his pen name Fang Zhouzi. 
http://bit.ly/fang-assaulted 


A new report from the Obama Administra- 
tion on how last year’s $787 billion stimulus 
package is helping to transform the U.S. 
economy by fostering more innovation 
puts a premium on applied renewable energy 
and genomics research. 
http://bit.ly/stimulus-innovation 


A New York City public interest group has 
challenged eight patents on the widely 
used HIV/AIDS drug ritonavir, a protease 
inhibitor. It wants the U.S. Patent and Trade- 
mark Office to hold a formal reexamination 
of a string of awards made between 1996 
and 2008 to Abbott Laboratories. 
http://bit.ly/ritonavir-patents 


For more science policy news, visit 
news.sciencemag.org/scienceinsider. 


www.sciencemag.org SCIENCE VOL329 3 SEPTEMBER 2010 


Published by AAAS 


1139 


Downloaded from www.sciencemag.org on September 2, 2010 


1140 


Mammoth-Killer 
Impact Flunks Out 


After a new study fails to find nanodiamonds, impact experts 
are flatly rejecting outsiders’ claims that an impact 
12,900 years ago devastated the megafauna 


DID A CONTINENT-SEARING COMET IMPACT 
wipe out the mammoths and other great 
beasts? Impact specialists have now weighed 
in on that widely publicized possibility. Their 
verdict: There never was a mammoth-killer 
impact. Proponents’ evidence “is not inter- 
nally consistent, not reproducible, and cer- 
tainly not consistent with being produced by 
impact,” says geochemist Christian Kéberl of 
the University of Vienna, who has been pub- 
lishing on impacts for 27 years. 

Since impact specialists went looking on 
their own, Kéberl says, “nobody has found 
anything.” The final blow, in the eyes of 
some, comes this week in a paper reporting 
a failure to find proponents’ most promising 


~~ 


trace of an impact, a particular crystal form 
of nano-size diamond. 

Core supporters of the impact scenario are 
sticking to their guns. “It’s an hypothesis,” says 
paleoceanographer James Kennett, professor 
emeritus at the University of California, Santa 
Barbara, and a prominent member of the loose 
confederation of assorted impact proponents. 
“Tf anything clearly shows it to be wrong, Pll 
abandon it,” Kennett says—but not yet. 


Evolutionary origins 

The mammoth-killer impact hypothesis got 
its start in the late 1980s, says retired geo- 
physical consultant Allen West of Prescott, 
Arizona, who became a prominent impact 


proponent. That’s when William Topping, a 
retired archaeologist in New Mexico, went 
looking in sediments for evidence ofa cosmic 
episode in Earth’s history. He found unusual 
mineral grains—tiny magnetic spherules— 
at a pivotal point in the geologic and archae- 
ological records: 12,900 years ago, about 
when the 1000-year-long cold snap called 
the Younger Dryas began, megafauna such 
as the mammoth disappeared, and the dis- 
tinctive arrowheads and spear points crafted 
by the Paleo-Indian Clovis people vanished 
from the record. 

By 2001, the Younger Dryas mineral 
grains had spawned the “nuclear catastro- 
phe” hypothesis. Topping and nuclear chem- 
ist Richard Firestone of Lawrence Berkeley 
National Laboratory in California proposed 
that an earlier “nearby supernova or cosmic 
ray jet” had triggered “a sequence of events 
that may have included solar flares, impacts, 
and secondary cosmic ray bombardments” 
that did in the Clovis culture as well as the 
mammoths. Topping’s magnetic “spher- 
ules,” they proposed, had formed in the heat 


and pressure of the : 
Online 


cataclysm. 
By 2007, how- ‘ 
sciencemag.org 
Podcast interview 


ever, the supernova 
and its great irra- : 
diation had been on eal 

: ; Richard A. Kerr. 
put aside and a sin- 
gle North American impact had become the 
focus. And the cast of characters had grown. 
At the May meeting of the American Geo- 
physical Union (AGU) (Science, 1 June 2007, 
p. 1264), a loose consortium of more than 
25 people including Firestone, West, Kennett, 
and Topping presented a half-dozen chemi- 
cal and mineralogical traces of an impact that 
were recovered from sediments laid down at 
the onset of the Younger Dryas—that is, at 
the Younger Dryas boundary (YDB). In their 
new scenario, a comet blew up in the atmo- 
sphere over North America or blasted into the 
lingering Laurentide Ice Sheet in Canada. 
They also presented soot, charcoal, and 
other carbonaceous debris from the YDB as 
evidence of continent-engulfing wildfires 
touched off by the impact. 

Then, in an October 2007 paper in the 
Proceedings of the National Academy of Sci- 
ences (PNAS), 26 authors led by Firestone, 
West, and Kennett—a member of the National 
Academy of Sciences—made their case in 
the peer-reviewed literature. Only one of the 
26 had previously worked on impact markers, 
and her specialty—molecular cages of carbon 
atoms containing trapped helium—remains 
unconfirmed as an impact marker (Science, 
7 March 2008, p. 1331). 
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No impact, thank you 

Now, 3 years later, of the 12 lines of evidence 
presented for an impact, “nanodiamonds are 
the last man standing. Everything else has 
failed to be corroborated,” says geologist 
Nicholas Pinter of Southern Illinois Univer- 
sity, Carbondale, who with colleagues has 
looked for YDB markers. 

Supposed chemical evidence has 
withered under scrutiny, says impact geo- 
chemist Philippe Claeys of the Free Univer- 
sity of Brussels. Claeys and colleagues probed 
YDB samples—both his own from Europe, 
and others from West—for claimed traces of 
an impacter. The targets included iridium, the 
exotic element that first put researchers on 
the trail of the dinosaur-killer impact. In a 
December 2009 PNAS paper, Claeys and col- 
leagues reported their results: nil. “The geo- 
chemical story is finished; it’s over,’ Claeys 
says. “There is nothing, no meteoritic signal. 
No one I know of has come to their defense.” 

Microscopic magnetic spherules— 
Topping’s original find, later supported 
by Firestone and colleagues—haven’t 
panned out either, say other research- 
ers who have looked for them. Archae- 
ologist Todd Surovell of the Univer- 
sity of Wyoming in Laramie and col- 
leagues found the minerals at four of 
seven YDB sites they searched, but the 
spherules occurred sporadically before, 
at, and after the YDB. Surovell and his 
team also looked for irregular magnetic 
mineral grains, reportedly one of the most 
reliable markers of the impact, but found 
“zero major peaks [of grains] associated 
with the onset of the Younger Dryas,” says 
Surovell, who reported the result in PNAS in 
October 2009. 

Lingering charred traces of impact- 
triggered wildfires are also in short supply, 
say researchers not proposing an impact. 
“T’ve done dozens of [YDB] sites, and char- 
coal is rare outside of Clovis cooking sites. 
It isn’t there,” says archaeologist C. Vance 
Haynes, professor emeritus at the University 
of Arizona in Tucson. Paleobotanist and fire 
scientist Andrew Scott of Royal Holloway, 
University of London, in Egham, U.K., goes 
further. “None of these people has spent 
their lives looking at carbon material in sedi- 
ments,” he says. “I’ve spent 35 years looking 
at it. I see no evidence of an exceptional fire 
event across North America.” 


The last nail? 

None of those types of evidence is consid- 
ered conclusive, however, specialists point 
out. Of the markers impact proponents have 
proposed, just one mineral bears the indelible 
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signs of the crushing shock that in nature only 
an impact can create: high-pressure hexago- 
nal diamond, or lonsdaleite. Using transmis- 
sion electron microscopy (TEM), Douglas 
Kennett of the University of Oregon, Eugene 
(the son of James Kennett), James Kennett, 
West, and 14 colleagues reported the detec- 
tion of such hexagonal nanodiamond at the 
YDB ina 20 July 2009 PNAS paper. 

Two other groups have now looked for 
lonsdaleite at the YDB and found none. At 
the December 2009 AGU meeting, Claeys, 
microscopist Dominique Schryvers of the 
University of Antwerp in Belgium, and col- 
leagues reported they could find no hexagonal 
diamond at a YDB in Belgium, only cubic dia- 
mond unrelated to an impact. And in a PNAS 
paper this week, physicist Tyrone Daulton 


Diamond or dross? Transmission electron micros- 
copy suggests to some there's no impact diamond. 


Site of controversy. Proponents say traces of 
impact mark this 12,900-year-old dark layer. 
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of Washington University in St. Louis, 
Pinter, and Scott report searching samples 
from three YDB sites in the United States. 
Douglas Kennett and his co-authors had 
reported nanodiamonds at two of these sites, 
including hexagonal diamonds at one. 

On the basis of TEM analysis, “I’m con- 
vinced there’s no [hexagonal] diamond pres- 
ent,” says Daulton. TEM patterns of some 
material “matched closely what Kennett 
reported. I knew immediately this wasn’t 
diamond.” Instead, the material was aggre- 
gates of sheetlike forms of carbon, including 
graphene. “If you don’t look too closely at 
it, you could convince yourself it is [lonsda- 
leite]. Theirs was a gross misidentification 
as lonsdaleite.” 

Daulton’s judgment is reliable, other 
microscopists say. “He’s a real TEM person,” 
says meteoriticist and microscopist Laurence 
Garvie of Arizona State University, Tempe. 
“All the other [YDB] nanodiamond stuff has 
been written by people who aren’t TEM peo- 

ple. If he says there are no nanodiamonds, 
there are no nanodiamonds.” 

Proponents ofa Younger Dryas impact 
disagree. “The Daulton et al. claim that 
we have misidentified diamonds is 
false and misleading,” writes Douglas 
Kennett in an e-mail. His complaints 
about Daulton et al. focus on sampling, 
sample processing, and interpretation. 

Impact proponents level similar criti- 

cisms at other outside studies of traces of 
impact and fire. Kennett sees little evidence 
that Daulton and his colleagues actually 
sampled the YDB, an often thin and some- 
times hard-to-recognize layer. He also says 
that they probably analyzed too few carbo- 
naceous particles—in which nanodiamonds 
reside—to find any diamond and that their 
sample processing may have destroyed dia- 
mond that was there. What’s more, Kennett 
says, the TEM-determined crystalline struc- 
tures of hexagonal diamond and graphene 
are so easily distinguished that misidentifica- 
tion is unlikely. “There’s been a real problem 
of data quality,’ Kennett sums up. 

This debate will likely go on for years. 
Impact specialist Kdberl, for one, thinks it 
has already lasted too long. If impact pro- 
ponents “had involved the mainstream 
community and listened to them, probably 
none of these papers would have been pub- 
lished,” he says. Meanwhile, many research- 
ers drawn from more mundane work to hunt 
for a killer impact are calling it quits.“I 
spent 16 months in the lab and found 
very little evidence to support their hypo- 
thesis,” says Surovell. “I have other things to 
worry about.” -RICHARD A. KERR 
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PROFILE: FRANCOIS NOSTEN 


The Dour Frenchman on 


Malaria‘ss Frontier 


When he arrived at the dangerous Thai-Burmese border in 1984, Francois Nosten 
barely knew what research was. Today, he’s one of the world’s top malaria scientists 


MAE SOT, THAILAND—You’d think that a 
malaria scientist in Frangois Nosten’s posi- 
tion would need lots of charm and excellent 
diplomatic skills. He’s a foreigner working 
in Thailand, a country where smiling seems 
a prerequisite for getting anything done. His 
work straddles the politically sensitive and 
occasionally violent border with Myanmar, 
formerly Burma, and he manages a health 
care system primarily for illegal immigrants 
from that country—people the Thai govern- 
ment largely ignores. 

But as it happens, Nosten, 53, doesn’t 
exude much charm, he rarely smiles, and 
one colleague calls him “famously undiplo- 
matic.” When Science came to visit him in 
this border town, a 7-hour drive from Bang- 
kok, Nosten’s long face bore a scowl. “I’m 
often grumpy,” he confessed. 

Yet despite his frequent sourness, Nosten 
has built an unmatched international resume 
in malaria. The Shoklo Malaria Research 
Unit (SMRU), which he founded 25 years 
ago, not only provides basic health services 
to tens of thousands of poor people, but it’s 
also one of the most respected and prolific 
clinical malaria research centers in the world. 
With more than 230 published papers, includ- 
ing co-authorship of a report on page 1175 of 
this issue of Science, Nosten ranks as one of 
the 10 most-cited researchers in his field. 

It was at SMRU that the so-called artemisi- 


nin-based combination therapies (ACTs), a 
class of new drugs that has become the stan- 
dard worldwide, were pioneered. Most of the 
clinical trials of malaria treatment for preg- 
nant women—who are especially vulnerable 
to dying from the disease—were done here. 
Epidemiologist Philippe Guérin, who worked 
with Nosten for 3 years in the late 1990s, calls 
his contribution “somewhere between enor- 
mous and critical.” As to his demeanor, “peo- 
ple either love or hate Frangois,” says Guerin. 

Those in the former category say you just 
have to get used to him. And indeed, Nosten 
seemed to thaw when, after a quick stop to 
pick up some cold beers, he invited this 
reporter to his wooden Thai house, set in a 
huge, private, fenced garden. ““Welcome to 
Mae Sot,” he said after popping open the first 
two cans. And as the evening went on, Nosten 


True'to his r § 
After 25 year 
Thailand, Nosten 
still feels “com- 
pletely French.” 


A doctor first. Francois Nosten treating a sick 
child at the Mae La refugee camp. 


talked passionately about his unusual career. 
He even managed a smile or two. 


Arms and legs 

Nosten, who grew up in Toulouse, France, 
arrived in Thailand in the early 1980s as a 
long-haired doctor for Médecins Sans Fron- 
tiéres (MSF), the French charity. He knew 
next to nothing about malaria, and he wasn’t 
trained as a scientist. It was his curiosity as a 
doctor that drove him to research. He quickly 
noticed that the standard malaria drugs weren’t 
doing their job because the parasite had devel- 
oped resistance, and he wondered whether 
mefloquine, a new drug developed by the U.S. 
Army, would do any better. So he embarked 
on his first clinical studies. 

In 1985, he met Nicholas White, a Brit- 
ish malariologist who had just set up shop 
in Bangkok, funded by the Wellcome Trust, 
and had a professorship at the University 
of Oxford. White was scouting for malaria 
research locations; Nosten was running a jun- 
gle hospital just across the border in Myan- 
mar. “It was made out of wood and leaves, but 
it was a very good hospital,” White recalls. 
Impressed, he convinced Nosten to leave MSF 
and do studies for him. 

A quarter-century later, SMRU has five 
clinics serving an area roughly 200 kilo- 
meters long on the Thai-Burmese border, 
along with a research unit in the center of 
Mae Sot, a town of some 30,000 inhabitants. 
Nosten employs more than 350 people, 20 
of them ex-pats from various Western coun- 
tries. White, still in Bangkok, remains “the 
brain” behind this operation, he says. “I’m 
the arms and the legs. But I don’t care. ?m 
very happy with him, and I’m his disciple.” 
Guérin calls that false modesty, as Nosten 
has become an opinion leader himself. 

To his staff members, Nosten is “like 
a demanding, old-fashioned father,” says 
Marcus Rijken, a Dutch physician who 
came here 3 years ago to study the effects 
of malaria on unborn babies. Don’t expect 
praise from him just for agreeing to come 
live in this dull, remote town, Rijken says: 
“He puts the bar very high, for himself and 
everybody else.” Although some have left in 
frustration, those who stayed say Nosten is 
also a very helpful and witty mentor and an 
inspiration in his own peculiar way. 


Porous border 

When it comes to public health, border areas 
are often chaotic. Differing policies, language 
barriers, and human movement create messy 
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circumstances where infectious diseases 
thrive. The Thai-Burmese border is a prime 
example, says Nosten, as he provides a tour in 
his Land Rover the next morning. Burma, just 
across the river, is dirt-poor and has a dismal 
health system. Tens of thousands of refugees 
have lived in semipermanent refugee camps 
on the Thai side for decades—most of them 
members of the Karen, an ethnic minority 
fighting for autonomy. 

In addition, migrants from Myanmar 
continually cross the border looking for a 
better life. On any given day, dozens of people 
wade or raft across the Moei River. The Thai 
government is “in denial” about the influx, 
Nosten says, and the Thai health system is 
neither equipped nor financed to help people 
from Burma. “That’s why we do it,” he says. 
While the Wellcome Trust funds his research, 
Nosten is continuously hunting for funds 


for the health service, which has gradually 
expanded and now includes maternal care and 
treatment for HIV and tuberculosis. 

The conditions have long been harsh. For 
about a decade, the team lived in Shoklo, 
one of the camps, under primitive condi- 
tions and with little contact with the outside 
world. Massive floods almost swept away the 
hospital several times in the early 1990s, and 
Nosten nearly drowned while rescu- 
ing a Karen nurse. “Get the files! Get the 
files!” former SMRU researcher Christine 
Luxemburger recalls yelling during one 
such episode; the data from a malaria vac- 
cine study were among the few items saved 
from the water. The camp also came under 
attack from the Burmese army, and in 1997, 
the Thai government decided that SMRU 
staff members could no longer stay there 
overnight. They had to move to Mae Sot. 
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Nosten says he’s careful to stay out of poli- 
tics. “If I started criticizing the Burmese gen- 
erals or the Thai politicians, I couldn’t survive 
here,” he says. Nosten identifies strongly with 
the Karen and is well-known and beloved by 
them, says staff manager Honey Moon, who’s 
been with SMRU for 25 years and is Karen 
herself. He married a Karen woman in 1989, 
and although he speaks Karen, his Thai is rudi- 
mentary. White, who’s fluent in Thai, handles 
most of the bureaucratic and political hurdles, 
while Mahidol University in Bangkok—on 
whose faculty both Nosten and White serve— 
provides important backing. 

Nosten says he’s never tried that hard to 
integrate. “I was very happy to remain com- 
pletely French,” he says. So French, indeed, 
that he taught his housekeeper how to make 
baguettes, and he keeps an apartment near the 
Place de la Bastille in Paris, where he travels 


Hybrid. SMRU is a research 
center as well as a health-care 
service for Karen refugees 
and migrants. 


several times a year. He received an impor- 
tant recognition from his home country when 
he won the prestigious $400,000 Christophe 
Meérieux award in 2008. 

Part of Nosten’s appeal is that he has 
remained an MSF doctor at heart; his scien- 
tific curiosity is driven by the people he lives 
among, says Jean-René Kiechel of the Drugs 
for Neglected Diseases Initiative, a nonprofit 
in Geneva, Switzerland, with which Nosten 
has collaborated. It’s also what led Nosten 
to explore the potential of ACTs. When 
mefloquine started failing soon after it was 
introduced, Nosten and White decided to try 
a new family of drugs called the artemisinin 
derivatives, isolated in China from a plant 
named Artemisia annua. To preempt resis- 
tance, they proposed combining a derivative 
called artesunate with another drug, a novel 
concept in malaria. In 1991, they started 
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the first clinical 
trial of a com- 
bination of arte- 
sunate and meflo- 
quine; by 1994 they 
were convinced 
that it was safe and 
effective. 

SMRU has 
helped test every 
other ACT to come 
to the market since. But 
Nosten is frustrated that 
it took so long for combina- 
tion therapies to become uni- 
versally adopted. In Africa, in 
particular, ACTs weren’t intro- 
duced broadly until about 5 years 
ago, despite evidence that older 
drugs were useless. “It’s something 
strange about the malaria community,” 
he says. “There are a lot of preconceived 
ideas, a lot of things preventing people from 
changing their minds.” He says he’s tried his 
best to change them—sometimes in not-so- 
subtle ways. “At meetings, I can be a bully,” 
he admits. 


MALAYSIA 


Monstrosity 

Nosten attributes SMRU’s success to its 
hybrid nature: part humanitarian, part scien- 
tific. “We’re not coming in big white vans, 
taking samples, and disappearing,” he says. 
“We're embedded within the communities, 
so we have much better access to patients. 
And if treatment A works better than B, we 
can immediately implement that.” Malaria 
rates, for instance, have plummeted in recent 
years in the border area. 

But over a plate of spicy noodles at a road- 
side restaurant, he acknowledges that the 
model may not be sustainable. It’s hard to 
attract people of international stature to the 
middle of nowhere for the long term. He says 
things might be easier if SMRU were split into 
a medical NGO, perhaps run by locals, and a 
research center where scientists could spend 
shorter amounts of time. “But if you do that 
the wrong way, then you break the link, and 
the research dies,” he says. 

“T guess I’ve created a monstrosity. I don’t 
know what will happen with it after I’m gone,” 
he concludes, as he musters another one of his 
rare smiles. —MARTIN ENSERINK 
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ASTROPHYSICS 


An Unsettled Debate About 
The Chemistry of the Sun 


Researchers thought they knew the sun very well. Now, they are squabbling over the 
abundance of different elements in it 


On a cloudless August morning, Martin 
Asplund is sitting in the sun, taking a coffee 
break from an astronomy conference. The 
day is so blazingly bright it makes Asplund 
squint and turn away from the sunlight. But 
the 40-year-old astrophysicist is not shy- 
ing away from a heated solar debate that he 
ignited a few years ago. 

In 2005, Asplund came out with a new pic- 
ture of the chemical composition of the sun. 
His calculations showed that the abundances 
of carbon, nitrogen, oxygen, and neon in the 
star—the most plentiful elements in it besides 
hydrogen and helium—were about halfas high 
as researchers had previously worked out. The 
new values solved a puzzle, because the pre- 
vious calculations had always made the sun’s 
chemistry seem oddly out of sync with that of 
its galactic environment. But when research- 
ers plugged the new abundances into models 
of the solar interior, the resulting predictions 
about the sun’s temperature profile no longer 
matched observations. The mismatch led to a 
debate over which of the two was right: the 
new abundances or the models. 

Five years later, the question has not been 
resolved. “We’re left with a conundrum,” 
says Asplund, who is a director at the Max 
Planck Institute for Astrophysics in Garch- 
ing, Germany. 


Getting the abundances and the models 
correct is not just important for studies of 
the sun. It has implications for other fields of 
astronomy, such as how stars evolve and what 
interstellar gas is made of. That’s because the 
sun’s elemental composition is used as the 
yardstick for measuring the composition of 
everything else in the universe, from distant 
galaxies to blobs of gas inside the Milky Way. 

Asplund’s abundances have both fans and 
critics among other researchers. In the past 
5 years, continued skepticism—mainly by 
astrophysicists who model the sun’s interior— 
has forced Asplund’s group to rework its calcu- 
lations using more detailed physics. As a result, 
the values have shifted closer to the old abun- 
dances, as Asplund and colleagues reported in 
a 2009 paper in the Annual Reviews in Astron- 
omy and Astrophysics. But the abundances are 
still only about two-thirds of the older ones, 
and the problems that creates remain funda- 
mentally unchanged. Researchers have tried 
in vain to fine-tune models of the solar interior 
to match the new abundances. 

The debate provides a glimpse into the 
messy world of modeling, where results are 
often fraught with uncertainty and tempo- 
rary truths are hammered out by the tweaking 
of parameters and grudging consensus. “It 
makes us realize that we do not understand 


Hot topic. The sun’s chemical composition is a 
key yardstick for astronomy. 


the sun—and by extension other stars—as 
well as we believed,” says Aldo Serenelli, a 
solar modeler who works with Asplund at 
Garching. However, he is optimistic that 
the effort to reconcile solar models with the 
new abundances will eventually lead to new 
insights about the sun and other stars. “This 
is a very healthy exercise; it’s what science is 
about, questioning our knowledge and under- 
standing,” he says. 


A star is born 

The sun was of no special interest to Asplund 
when he got his Ph.D. in theoretical astro- 
physics from Uppsala University in Sweden 
in 1997. He was developing models of the 
atmospheres of old stars so that he could use 
those stars as markers of galaxy formation 
and evolution. 

Previous researchers had already mod- 
eled the sun’s atmosphere, simplifying their 
computations by flattening the solar sphere 
into a disk. Asplund, however, thought three- 
dimensional modeling of stellar atmospheres 
would be more accurate. Taking advantage 
of advances in computing, he developed a 
3D picture of the turbulent gas flows and 
energy transfer in a star’s atmosphere, taking 
into account the interaction between radia- 
tion and plasma. 

To test his models, Asplund turned to the 
star for which the most data are available: the 
sun. Over decades of study, researchers have 
developed a detailed picture of how this bril- 
liant inferno works. At its core, millions of 
tons of hydrogen fuse into helium every sec- 
ond. The energy generated by this fusion radi- 
ates outward. At about two-thirds of the way 
to the sun’s surface, the temperature becomes 
cool enough (about 2.3 million kelvin) to make 
the gas considerably more opaque to photons. 
Now, convection becomes dominant. Thermal 
columns carry hot material up to the surface, 
beyond which lies the solar atmosphere. Some 
of the energy eventually ends up as sunlight. 

Asplund’s models accurately predicted 
the variation in the sun’s brightness across the 
solar disk (a function of the solar atmosphere) 
and the intensity of sunlight at different wave- 
lengths. Then Asplund applied a third test: 
checking whether his models could generate 
a detailed solar spectrum that matched obser- 
vations. To do so, he needed to combine his 
models with a scheme other researchers had 
developed, mapping the cascade of events that 
occurs as radiation emanates from deep inside 
the sun. This scheme, known as a line forma- 
tion code, describes how photons of different 
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wavelengths interact withmolecules andatoms 
in the gas; for example, getting absorbed by 
certain atoms that in turn emit other photons 
at new wavelengths. Together with the atmo- 
spheric models, it yields a unique spectrum 
for a given chemical composition. 

Asplund’s models passed this test as well, 
generating a spectrum that looked like the 
real one. But they also yielded abundances of 
carbon, nitrogen, oxygen, and neon radically 
lower than the previously accepted values. 
That was a surprise, Asplund says: “I thought 
things would only change a little bit as a result 
of 3D modeling of the atmosphere.” 

Asplund made a splash with the new abun- 
dances at a symposium in Austin in June 2004. 
The work appeared a year later in the proceed- 
ings of the conference; one of the co-authors 
was Nicolas Grevesse of the University of 
Liege in Belgium, who had been involved 
in calculating the earlier abundances. Stellar 
astrophysicists embraced the lower values, 
largely because they matched what research- 
ers expected from a star that formed 4.5 bil- 
lion years ago, when the galaxy was poorer in 
heavy elements than it is today. 


Sound and fury 

It wasn’t long, however, before the new val- 
ues came under attack from solar modelers. 
In the late 1990s and early 2000s, the old 
abundances had gained a foothold by help- 
ing astronomers solve a number of problems 
about the sun. Using them in models of the 
solar interior developed by Princeton Univer- 
sity luminary John Bahcall and others, scien- 
tists had successfully predicted the character- 
istics of sound waves produced by the sun. 

Helioseismologists can measure the speed 
and other features of these waves from minor 
changes either in solar brightness or in the 
position of spectral lines as the sun’s surface 
expands and shrinks ever so slightly. From 
these measurements, they can infer how the 
temperature and density varies with depth 
below the solar surface. The same measure- 
ments help determine where the inner bound- 
ary of the convective envelope lies. 

With the new abundances, researchers 
could no longer get the interior models to spit 
out sound speeds that matched observations. 
With less carbon, nitrogen, and oxygen in 
the mix, the material inside the sun became 
more transparent than previously thought. 
As a result, the boundary where the cooler 
gas became opaque to radiation—the base of 
the convection zone—was now pushed out 
toward the surface. 

In August 2006, Asplund was an invited 
speaker at a helioseismology conference 
in Prague, at which the problems were dis- 
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cussed. “I knew that there would be some hos- 
tility,’ he says. Sure enough, his talk touched 
off a barrage of probing questions. It was 
clear that “they didn’t believe our results, just 
as we didn’t believe their models were cor- 
rect,” Asplund says. One of the skeptics in the 
audience—Marc Pinsonneault, an astrophys- 
icist at Ohio State University in Columbus 
and an expert in modeling the sun’s interior— 
suggested that Asplund and his colleagues 
had gone wrong by simulating only a small 
rectangular slab of the solar atmosphere 
instead of the whole thing. 

“IT decided we’re going to redo every- 
thing,” Asplund says. He and his colleagues 


It’s complicated. 
Asplund (above) 
developed a 3D 
picture (inset) of the 
sun’s atmosphere. 


developed “whole 
new atmospheric mod- 
els” from scratch, this 
time simulating the entire 
solar atmosphere. “We tested 

them against even more observational con- 
straints.” By 2008, Asplund felt certain that 
his models were not the problem. 

That year, Aldo Serenelli, who had worked 
with Bahcall on interior models, applied for a 
position in Asplund’s lab. Asplund was enthu- 
siastic about working with somebody from 
the opposition camp, especially as he himself 
had no experience with modeling the inte- 
rior. “I hired him not to convince him but to 
see whether we could find a solution that may 
have been overlooked,” he says. 

Serenelli says he joined Asplund with an 
open mind. “The agreement between solar 
models and helioseismology measurements 
was astonishingly good with older abun- 
dances, so it was hard to dismiss those results,” 
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he says. “On the other hand, Asplund’s work 
was by far the most sophisticated and realistic 
study of the solar atmosphere.” 

In the past 2 years, Asplund and Serenelli 
have only grown more convinced of their 
respective positions. Meanwhile, Serenelli 
and others have tried a number of solutions 
to make the interior models work with the 
new abundances. 

One approach assumes that elements such 
as neon and iron in the sun have a higher opac- 
ity (or lower transparency) than researchers 
have assumed. That shift would wipe out some 
of the gain in transparency resulting from the 
lower abundances. “It solves a fair amount of 
the problem, but it isn’t enough,” says Sarbani 
Basu, an astrophysicist at Yale University. 

Researchers have also played with how 
quickly heavier elements sink down in the 
sun. That has not done the trick, either. Basus 
says researchers could also try modifying the 
equation of state describing the fundamental 
behavior of a gas under extreme temperature 
and pressure conditions, which astrophysicists 
have to borrow from experiments at nuclear- 
weapons labs. But that would be fine-tuning 
too many parameters to make Asplund’s abun- 
dances work, she says. “I’m not willing to do 
that. At some point, you have to raise Occam’s 
razor,” the principle that simpler solutions are 
preferable to more-complex ones. 

Others think the problem 
lies with models of the solar 
interior. “I think the standard 

solar model is missing some- 
thing,” says W. Dave Arnett, 
a researcher at the University 
of Arizona in Tucson. Arnett 
and colleagues are working to 
improve interior models by get- 
ting a better handle on turbu- 
lent convection in stars, which is still 
poorly understood. 

Meanwhile, Asplund’s 3D models of the 
sun’s atmosphere are no longer the only game 
in town. Other researchers have developed 
sophisticated models of their own. One group, 
led by Hans-Giinter Ludwig of the Paris 
Observatory, has produced abundance values 
somewhat higher than Asplund’s, although 
still much smaller than the old values. 

The continuing discrepancy “would 
suggest either new physics—exciting, if 
unlikely—or major errors in the existing 
physical ingredients of the models, which 
would have to be tracked down,” says 
Pinsonneault. It’s hard to predict what the 
outcome of such efforts would be, he adds, 
“but it could be very important for our 
understanding of the physics of stars.” 

-YUDHIJIT BHATTACHARJEE 
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Give Beach Ecosystems Their Day in the Sun 


THE INTERGOVERNMENTAL PANEL ON CLIMATE CHANGE FOURTH ASSESSMENT REPORT (2) LARGELY 
overlooked the impacts of climate change on marine ecosystems (2). In their Review (“The 
impact of climate change on the world’s marine ecosystems,” 18 June, p. 1523), O. Hoegh- 
Guldberg and J. F. Bruno redress this gap by synthesizing recent literature. In so doing, they 
made the disparities in research among ocean systems apparent. Specifically, there are no stud- 


F 


ies of climate change impacts to sandy 
beach ecosystems. Rather than any over- 
sight by Hoegh-Guldberg and Bruno or 
previous authors (3), we believe that the 
omission of beaches from this and other 
assessments of anthropogenic impacts 
reflects a relative lack of appreciation of 
beaches as ecosystems. 

This paucity of beach studies (4, 5) 
is alarming, not only because beaches 
comprise ~70% of open-ocean coasts 
and have high socioeconomic and eco- 
system value, but also because their posi- 
tion at the land-sea margin renders them 
highly vulnerable to climate change 
(5, 6). Beaches are at risk of significant habitat loss and ecological impacts from warming, acid- 
ification, and erosion caused by sea-level rise and increased storms. Where landward retreat 
of beaches is restricted by development or topography, beach habitat may disappear. When 
engineering interventions seek to mitigate beach erosion, negative ecological consequences 
may be severe but are only beginning to be understood (6, 7). The inadequacy of information 
on ecological impacts of climate change on this vulnerable and challenged coastal ecosystem 
must be addressed. 
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Methane from the 
East Siberian Arctic Shelf 


IN THEIR REPORT “EXTENSIVE METHANE VENT- 
ing to the atmosphere from sediments of the 
East Siberian Arctic Shelf” (5 March, p. 
1246), N. Shakhova et al. write that methane 
(CH,) release resulting from thawing Arctic 
permafrost “‘is a likely positive feedback to 
climate warming.” They add that the release 
of Arctic CH, was implied in previous cli- 
mate shifts as well as in the recently renewed 
rise in atmospheric CH,. These claims are 
not supported by all the literature they cite. 
Their reference 5 (/) presents measurements 
of emissions only of carbon dioxide, not 
CH,,. Their reference 8 (2), a study we con- 
ducted, suggests that a very large (~50%) 
increase in atmospheric CH, concentration 
associated with an abrupt warming event 
~11,600 years ago was driven mainly by 
wetlands, without distinguishing between 
high and low latitudes. Their reference 9 (3) 
was published in 1993 and is not relevant 
to the renewed growth of atmospheric CH, 
that started in 2007. Their reference 10 (4) 
does not imply Arctic CH, releases in this 
renewed growth, and other recent work (5) 
also does not support sustained new emis- 
sions from the Arctic as the cause. 

These findings of CH, emissions from 
the Arctic sea floor [in the Report and in (6)] 
add to our understanding of the atmospheric 
CH, budget, but they do not show that Arctic 
warming has produced a positive feedback 
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in radiative forcing by causing these emis- 
sions to increase recently. A newly discov- 
ered CH, source is not necessarily a changing 
source, much less a source that is changing 
in response to Arctic warming. Shakhova et 
al. do acknowledge these distinctions, but in 
these times of enhanced scrutiny of climate 
change science, it is important to communi- 
cate all evidence to the scientific community 

and the public clearly and accurately. 
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Response 

WE THANK PETRENKO E7 AL. FOR BRINGING 
attention to the community that, despite 
worrisome trends of warming in the 
Arctic with postulated positive climate- 
biogeochemistry feedback processes (/), 


Readers Poll Results 


The Time of Young Scientists 


On 6 August, we asked what you thought about this question: 
In the coming years, there is likely to be a growing focus on science 
communication; scientists will be asked to explain their science and 


the scientific process to the general public and 
policy-makers. How much time should the next 
generation of young scientists devote to these 
nonresearch activities?* 


More than 3000 of you responded, from more 
than 60 countries. Here are your results: 


Aselection of your thoughts: 


“Communications skills, management skills, 
professionalism, and responsible conduct of 
research should balance the ‘scientific theoreti- 


cal’ and ‘research skill’ components to develop the ideal young scientist. 
No one really learns how to ‘communicate’ without practice...” 


—reader Emil Chuck 


“[E]ach young scientist’s career should first and foremost be driven by his 
or her passion for quality research. Yes, it is vital to be able to communi- 
cate about research, but the research must come first.” 


—reader Katrina Molland 
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there are still very few studies that can be 
cited for studying potentially relevant phe- 
nomena over extensive Arctic scales. Their 
criticism concerns the representativeness of 
some of our references. 

We cited reference 5, Schuur ef al. (2), 
because it shows that old C release increases 
as permafrost thawing increases, and that 
“emission rates will depend on the form 
of C gases released” (2). Strictly speaking, 
Schuur er al. did measure only CO,, but we 
feel that the implications of their findings for 
methane budgets are clear. 

It is correct that reference 8 (3) did not 
distinguish between high and low latitude, 
but the modeling of wetland emissions used 
radiocarbon signature of a thermokarst lake. 
We do not know of low-latitude wetlands or 
thermokarst lakes that could have provided 
such sudden and massive releases of meth- 
ane. Given the ubiquity of subsea and land- 
fast wetlands and thermokarsts around the 
Arctic, we consider this citation fair. 

References 9 and 10 (4, 5) referred to 
the growth of contemporary (i.e., the time 
period in which we live) atmospheric CH, 
and CO,. Data from both studies stand in 
contrast to data of the past. Growth in CH, 
concentrations was observed before the late 
1990s (4) and after 2007 (5), in support of 
our assertions; thus, these references are 
appropriate. 


Several readers based their responses on the assumption that non- 

research activities included all daily activities, not only science com- 

munication. Interpreting the results through this lens, these readers 
expressed concern that young scientists are subjected 


50- 45% to unrealistic expectations, which in turn could lead to 
10. errors, exhaustion, and compromised creativity. 
ae vy “TYloung scientists ought to get 8 hours of sleep per 

7 ‘0 
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o| E 


<1 1-10 10-25 25-50 >50 
Time on nonresearch activities (%) 


night, as a basic need for mental, physical, and emo- 
tional health. They should take at least one day per 
week off of their intellectual scientific pursuit, to leave 
room for unstructured reflection; to maintain their 
curiosity and inspiration; and, of course, to do laundry, 
garden, shop for groceries, etc. ... Let’s be realistic 
with regard to our expectations of young scientists, 


and foster an environment in which they might thrive, 


—reader Dr. S. Fischer 


not just as counted in numbers of publications.” 


*See the poll, and links to the related Letters and Editorial, at 


www.sciencemag.org/extra/polls/20100806-1.dtl. 
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Contrary to what is claimed by Petrenko 
et al., reference 10 (5) states, “we find that 
a substantial increase in [methane] emis- 
sions from both hemispheres was necessary 
between 2006 and 2007 to fit the observa- 
tions.” Given that Arctic/Subarctic wetlands 
are major contributors of northern hemi- 
sphere methane emissions, we maintain that 
this is a fair citation. 

Unlike its land-fast cousin, subsea per- 
mafrost is not only changing in response to 
glacial/interglacial Arctic warming (~7°C), 
but is experiencing an additional ~10°C 
warming from overlying seawater since 
inundation in early Holocene. Hence, it must 
be understood that the greater vulnerability 
of the subsea permafrost methane pool may 
lead to an unfortunate coincidental timing 
with anthropogenic greenhouse gas releases. 
Whether additions of methane to the atmo- 
sphere can be linked to anthropogenic activ- 
ities or are caused by nature, the radiative 
effect of the sources will be additive. 
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Candidate Gene 
Approach’'s Missing Link 


]. COUZIN-FRANKEL, IN HER NEWS FOCUS 
story “Major heart disease genes prove elu- 
sive” (4 June, p. 1220), presents an excel- 
lent summary of the scientific community’s 
satisfaction and disappointment regarding 
genome-wide association studies. I would 
like to clarify one point that may have ham- 
pered the progress of those who use the can- 
didate gene approach to investigate the genet- 
ics of complex human traits. 

Given the many surveys of individuals of 
European ancestry, one might assume that 


the majority of common genetic variants 
are represented by at least one of the single- 
nucleotide polymorphisms (SNPs) in the 
genotyping platforms (/). However, this is 
not true. For instance, the immunoglobulin 
GM loci have at least 18 alleles, but none 
of the SNPs useful for indentifying these 
are included in the human diversity panel 
used in the HapMap project. Almost all GM 
markers are expressed on the Fc region of 
immunoglobulin gamma heavy chains, 
candidate genes for variation in immune 
responses because they interact with recep- 
tors expressed on effector cells (e.g., nat- 
ural killer cells). They also contribute to 
antibody-dependent cell-mediated cytotox- 
icity, a major host mechanism for destroying 
virally infected cells as well as tumors. Yet 
genome-wide association analyses of infec- 
tious and malignant diseases are unlikely to 
detect these genes. 
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Mood Swings 


Richard Taylor 


he world makes money go round. 
| This is John Casti’s bold hypothesis 
in Mood Matters, which challenges 

both traditional financial theory and human 
gut reaction about how the world works. Most 
people believe that major world events, such 
as elections or the outbreak of war, influence 
the collective mood of society. Casti (a math- 
ematician at the International Institute for 
Applied Systems Analysis, Austria) argues 
the opposite: social mood drives the events. 
In other words, social pessimism affects the 
likelihood of terrorist attacks rather than the 
other way around. By his account, the role of 
the financial market is as an accurate barom- 
eter of social mood, and a careful reading of 
the market’s highs and lows might help pre- 
dict how crucial world events will unfold. 

Those within the field of social econom- 
ics recognize that financial markets are more 
about understanding people, and in particu- 
lar crowd psychology, than about money 
itself. Alan Greenspan, the former chair- 
man of the U.S. Federal Reserve, described 
human nature’s propensity to sway from fear 
to euphoria as “a condition that no economic 
paradigm has proved capable of suppress- 
ing without severe hardship” (/). The book 
departs from tradition when considering the 
relation between these mood swings and 
events. Casti promotes the picture of “socio- 
nomics” developed by Robert Prechter, which 
holds that social moods are driven by funda- 
mental waves of optimism and pessimism that 
are surprisingly insensitive to world events. 

To present the case, “sociometers” are 
needed to chart the social mood. Using his 
characteristic mix of clarity and humor, 
Casti takes the reader through the various 
measures that might be used. Rising birth- 
rates are an obvious expression of optimism 
for the future. However, he also shows how 
more subtle signs reveal correlations as the 
social mood evolves. These include the con- 
struction of skyscrapers, the rise and fall of 
skirt length, car color, and music trends. Casti 
presents an effective argument for why the 
financial market serves as the optimal choice 
of sociometer. 

The author reveals the tell-tale manifesta- 
tions of socionomics through his meticulous 
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detective work of the time lines involved in 
major events. In each case, he presents a com- 
pelling case for a mood change influencing 
the unfolding events. His conclu- 
sion often directly conflicts with 
flawed “event induces mood” sen- 
sations reported in the media. For 
example, the 2001 implosion of 
the U.S. energy company Enron 
was thought to have triggered a 
downswing in the financial mar- 
ket. Casti, however, argues that the 
sociometers at that time (includ- 
ing the financial market) indi- 
cated that the mood was already 
on a downswing. That trend blew 
in a societal climate of intolerance, which set 
the scene for the media’s subsequent expo- 
sure of the Enron crisis. 

Whereas readers will accept that mood can 
influence certain collective events in society, 
the second part of the socionomics account— 
that events have little feedback on mood— 
will, as Casti recognizes, meet with more 
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Sign of upcoming downturn. Casti notes that 
construction of the next tallest building in the 
world (here, the Burj Dubai) starts while the local 
stock index is soaring, but a financial debacle 
arrives before the skyscraper is completed. 
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skepticism. Thus, he asks for a suspension of 
disbelief while he runs through his compre- 
hensive set of examples. These include the 
lack of long-term response of the financial 
markets (and therefore social mood) to dra- 
matic events such as Pearl Harbor and John F. 
Kennedy’s assassination. 

This unexpected insensitivity to world 
events addresses a historic puzzle: why the 
financial market traces out 
recognizable patterns as a 
function of time. As Casti 
describes in the book’s 
appendix, the peaks and 
troughs of the financial 
waves recur at increas- 
ingly fine time scales. 
First reported by Ralph N. 
Elliott in 1938 (2), this rep- 
etition at different scales 
represents one of the earli- 
est noted fractal patterns in 
aphysical system. If we believe the traditional 
view that the market is driven by irregular 
and diverse events, why would these cumu- 
late in a distinct pattern? Instead, the fractal 
patterns provide an insight into human mood 
and behavior. 

This timely book benefited from Casti’s 
background in financial systems and com- 
plexity theory. The ten years he spent ponder- 
ing the concepts and their consequences are 
evident in the volume of graphical evidence it 
includes. The author wisely declares his col- 
ors early on by stating that the work is delib- 
erately one-sided and “opinionated,” which is 
fair enough because his purpose is to trigger a 
reaction against the established beliefs of the 
financial world. The wealth of facts he pres- 
ents should serve as valuable fuel for future 
scientific researchers arguing both for and 
against socionomics. 

In these times of financial turmoil, 
many people will pick up Mood Matters 
with the hope of predicting financial mar- 
kets. Although Casti includes a summary 
of Elliott Wave forecasting, his book is sub- 
stantially more profound than this. By get- 
ting to grips with the relationship between 
events and social mood, he reveals the extent 
to which the latter determines our future. The 
last chapter discusses several questions that 
may help readers use socionomics to predict 
where our world is headed. The book empha- 
sizes the importance of sociometers in signal- 
ing that fate. 
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ASTRONOMY 
Findings Brought 
to Ground 


Gustav Holmberg 


aking observatories as 
| its unifying theme, The 
Heavens on Earth throws 
light on a variety of contexts, 
practices, and networks involv- 
ing astronomy during the 19th 
century. The 12 articles grew out 
of a workshop at the Max Planck 
Institute for the History of Sci- 
ence in Berlin. By following the 
“observatory techniques” used 
by astronomers, meteorologists, 
geodesists, and physicists, the 
contributors look at observatories in Europe, 
Asia, America, and Australia at a time when 
astronomy and its allied sciences had a wide 
range of practical uses. Techniques for tak- 
ing measurements, analyzing data, manag- 
ing personnel, and representing Earth and 
the sky became useful for military, politi- 
cal, technological, societal, commercial, 
and colonial projects. The work of astron- 
omers was connected to a diverse range of 
fields, and one of the volume’s strengths is 
that it highlights many of 
the ways in which such a 
superficially celestial sci- 
ence actually was quite 
down to earth. 

“The most pre- 
cise observations,” Carl 
Friedrich Gauss claimed 
in 1833, “can be expected 
only of those mathema- 
ticians who are familiar 
with the finest means of 
observation, namely the 
practical astronomer.” Astronomers working 
at 19th-century observatories radiated preci- 
sion to other sciences and also to other parts 
of society. Physicists such as Henry Row- 
land (Johns Hopkins University) and Albert 
Michelson (University of Chicago), as shown 
in Richard Staley’s chapter, developed their 
work in collaboration with observatories and 
astronomers as well as with American indus- 
try. Number-crunching methods created at 
observatories were also aimed at society, 
and techniques for managing numerical data 
developed in astronomy figure in the history 
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of statistics. Sven Widmalm discusses the 
many connections between astronomers and 
the military in 19th-century Sweden, where 
astronomers and their techniques for mea- 
surement and analysis were important parts 
of surveys, military cartography, and the sta- 
tistical description of a nation. 

Colonial observatories could, as Simon 
Schaffer shows in his study of the Paramatta 
Observatory in New South Wales, Australia, 
function as tools of colonial administration. 
Astronomers worked on 
navigation and the scien- 
tific mapping of Earth’s 
surface, and their science 
was connected with pro- 
cesses of territorial power. 
Large-scale networks for 
geodetic measurement and 
the spread of navigation 
technologies were built up, 
sometimes with difficulty. 

With its growing 
empire, 19th-century Rus- 
sia presented another case where astron- 
omy was used in large-scale administration. 
Pulkovo Observatory (established in 1839) 
would—in the words of its first director, Wil- 
helm Struve—increase “the efficiency of the 
ordinary governing of the land.” Struve and 
his fellow astronomers participated in large- 
scale surveys of the Russian empire and ran 
extensive training programs for surveyors and 
officers of the Russian General Staff. But, as 
Simon Werrett demonstrates in his chapter, 
the observatory was not only a site for prac- 
tical knowledge. Its founder Nicholas I also 
wanted it to bring prestige and honor to his 
country. He provided it with very generous 
funding, and it became known as the “astro- 


nomical capital of the 
world”—bringing inter- 
national scientific recog- 
nition to Russia and the 
tsar, on whose estate and 
summer residence just 
outside St. Petersburg it 
was located. A century 
later and under a dif- 
ferent political regime, 
its symbolic value was 
still apparent: after the 
observatory was demol- 
ished during the siege 
of Leningrad, the deci- 
sion to rebuild it was 
quickly taken. 

Tsars were not the 
only ones interested in 
stars, and several chap- 
ters explore the inter- 
face between science and the public. Char- 
lotte Bigg writes about Norman Lockyer, 
who always seems to have been on his way 
to yet another public lecture or solar eclipse 
expedition. Lacking a secure institutional 
base for his projects in the early stages of 
British astrophysics (the “new astronomy” 
that emerged during the second part of the 
century), Lockyer turned instead to pub- 
lic science, which could provide various 
kinds of resources. The situation was a bit 
different in countries where astrophysics 
was institutionalized earlier. For Francois 
Arago at the Paris Observatory, as Theresa 
Levitt’s contribution shows, the public was 
also a kind of platform—in his case for both 
astronomical and political programs. Arago 
held free astronomical lectures from 1813 
to 1848 and was very active in debunking 
superstition: comets were not dangerous, 
he explained, and the Moon’s rays could not 
destroy harvests. For Arago, the populariza- 
tion of astronomy became a political tool; 
astronomy could help make people more 
reasonable, which was important in a repub- 
lic founded on public opinion. 

The Heavens on Earth demonstrates in 
a fruitful way the observatory’s importance 
to 19th-century history, of both science and 
culture. A worthy addition to the literature 
of the history of science, the collection will 
inspire further mapping of the links between 
astronomy and other parts of society. It also 
gives at least this reviewer a feeling of a past 
golden age in which astronomers and their 
observatories were at the center of the world, 
their knowledge asked for by public and pol- 
iticians alike, rather than being the poorer 
cousin of 20th- and 21st-century sciences. 
10.1126/science.1192849 
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SCIENCE EDUCATION 


Growing Roles for Science 
Education in Community Colleges 


George R. Boggs 


economy, education and training beyond 

compulsory primary and secondary 
education—especially in science, technology, 
engineering and mathematics (STEM)—is 
essential to a nation’s competitiveness and its 
standard of living. Community colleges, orig- 
inally developed at the turn of the 20th cen- 
tury as open-admissions junior colleges and 
offering the first two years of a baccalaureate 
education, help meet this need. These colleges 
have evolved into comprehensive institu- 
tions, preparing students to transfer to upper- 
division universities or to enter the workforce 
directly. Enrolling 43% of all U.S. undergrad- 
uates (/), community colleges play impor- 
tant roles in developing public scientific lit- 
eracy, educating scientists and engineers, and 
addressing the nation’s need for well-prepared 
technicians (2). But challenges remain. 

Some challenges are cultural, such as 
misperceptions that community colleges 
serve only low-performing students or hire 
faculty who are unable to secure a position 
at a 4-year institution. Other challenges are 
systemic, such as high teaching loads, inad- 
equate funding models, and industry hiring 
practices. This article will focus on the chal- 
lenge of helping students to complete 2-year 
programs or transfer to 4-year programs. 


I: an increasingly global society and 


Educating Diverse, Local Communities 
Community colleges prepare a growing per- 
centage of the U.S. technological workforce 
(3). In 1999 and 2000, almost half of the sci- 
ence and engineering baccalaureate recipients 
and almost one-third of the master’s degree 
recipients had attended community colleges 
(4). Forty percent of U.S. teachers complete 
some of their mathematics or science courses 
at these institutions (5). Students who attend 
community colleges include 47% of first- 
generation college students, and 53% of 
Hispanic, 45% of Black, 52% of Native 
American, and 45% of Asian/Pacific Islander 
college students. Although the average age of 
community college students is 28, still 46% 
of them are age 21 or younger (/). 
Community colleges develop curricula 
to respond to the needs of local economies, 
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working closely with industry, government, 
and other education sectors. These colleges 
have become the institutions of choice for 
workers, including university graduates 
upgrading their skills and displaced workers 
preparing to reenter the workforce (6). By the 
year 2018, it is projected that 12.3% of STEM 
jobs will be filled by associate degree hold- 
ers (the primary degree conferred by commu- 
nity colleges) (7). The Obama Administra- 
tion, noting that jobs requiring 
at least an associate degree are 
projected to grow twice as fast 
as those requiring no college 
experience, has called on com- 
munity colleges to increase the 
number of graduates and pro- 
gram completers by 5 million students over a 
10-year period, a 50% increase (8). 


Completion and Transfer Must Improve 

Too many students do not make it success- 
fully through remedial programs into col- 
lege-level courses, and too many do not 
complete their college-level programs or 
are unable to transfer to 4-year programs 
because of insufficient financial support or 
poor institutional or state policies and prac- 
tices (9, 70). Problems are caused by failures 
to collaborate between institutions, as well 
as a lack of continuity and integration within 
programs resulting from overuse of adjunct 
faculty and graduate teaching assistants. 
Furthermore, when state requirements for 
attaining associate degrees differ or there is 
insufficient harmonization in course content, 
it is difficult for students to transfer credit 
from one institution to another. 


Improving Practice and Policy 

The first major effort to improve student com- 
pletion in community colleges, set in motion 
in 2004, is Achieving the Dream: Commu- 
nity Colleges Count (ATD), a national ini- 
tiative focusing on students of color, work- 
ing adults, and students from low-income 
families. About 10% of community colleges 
across 22 states are now part of ATD. The ini- 
tiative has increased student persistence rates 
by as muchas 13% (//). Efforts have focused 
on precollege programs for underprepared 
students, improving performance in “gate- 
keeper” courses that allow students to con- 
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To help meet economic challenges, 2- and 
4-year colleges must collaborate to improve 
student completion and transfer. 


tinue along a course sequence, improving the 
experiences of first-year students, advising 
students on academic and personal issues that 
affect their ability to succeed, student support 
services, and tutoring. ATD colleges are also 
working to strengthen linkages to secondary 
schools, engage the community, and change 
state and federal policies that create barriers 
for students (/2). ATD institutions share strat- 
egies and assess progress by noting trends in 


the percentage of students who successfully 
complete courses, advance from remedial to 
credit-bearing courses, enroll from one term 
to the next, and earn a degree or certificate. 

The American Association of Commu- 
nity Colleges (AACC) is currently working 
with partners to define accountability metrics 
for community colleges (/3). Success mea- 
sures will likely include course completions, 
moving students from developmental educa- 
tion to college courses, transfer rates, grad- 
uation rates, and job-placement rates disag- 
gregated by specific populations. Although 
ATD is focused on improving student success 
rates within the institution, Complete College 
America is dealing with interinstitutional and 
state policies and practices (/4). 

Four-year institutions do not yet play 
much of a role in community college initia- 
tives to improve student success and com- 
pletion. Any effort to improve communi- 
cation across sectors would be beneficial. 
Programs like NSF’s Advanced Technologi- 
cal Education (ATE) function in this capac- 
ity. Community college educators lead ATE 
programs that involve universities, second- 
ary schools, and businesses to prepare and 
strengthen the skills of the nation’s techno- 
logical workforce in strategic fields (e.g., 
environmental technology and cybersecu- 
rity) (3). 

Other issues need to be addressed for stu- 
dent success, e.g., improving the mathemat- 
ics sequence (necessary for any STEM area). 
The Carnegie Foundation for the Advance- 
ment of Teaching has an initiative to revise 
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the content and teaching of developmental 
mathematics courses (/5). 

In April 2010, six national community 
college organizations committed member 
institutions to match President Obama’s goal 
(16). But in the face of enrollment pressure, 
states have cut funding to public higher edu- 
cation, including community colleges. 

Hundreds of thousands of students were 
turned away from classes last fall, roughly 
140,000 in California alone (/7), and the situ- 
ation may get even worse. Financially needy 
community college students primarily rely on 
the federal Pell grant, as state aid policies vary 
considerably. Only 10% of community college 
students take out any type of federal student 
loan and are much less likely to access finan- 
cial aid than are counterparts in other institu- 
tions. Although austere budgets may cause 
policy-makers to become more interested 
in eliminating duplication and waste across 
institutions, 2- and 4-year institutions might 
be forced to compete for scarce funding. Fed- 
eral funds, other than student financial aid, 
are primarily directed toward research proj- 
ects at 4-year institutions. Although univer- 
sity educators should be interested in devel- 
oping the pipeline of students, current incen- 
tives in 4-year institutions reward research 
and attracting grants to campus more than 
teaching or working in other ways with under- 
graduates. Federal, state, and local resources 
should focus on the specific needs of com- 
munity colleges so that they can realize their 
potential role in the preparation of STEM 
students. For example, resources and incen- 
tives should be provided to make it possible 
to enroll more students full-time and provide 
them with accelerated instruction, backed by 
rigorous faculty professional development. 

But improving educational attainment in 
the United States can best be met if educa- 
tors take the lead. If not, policy-makers may 
find less appropriate ways to force institu- 
tions to develop stronger policies, e.g., for 
transfer and articulation (promoting equiv- 
alence of course content, and transfer of 
credit, between institutions). College and 
university faculty and administrators need to 
work together to improve completion rates 
and facilitate the transfer of students from 
community colleges into upper-division 
course work through improved articulation 
and student advising. 

Many 4-year institutions could increase 
their own overall graduation rates, while 
enrolling and graduating more students 
of low socioeconomic status, by increas- 
ing their numbers of community college 
transfers (/8). Transfer students do better 
in 4-year universities than if they had come 


directly from high school with the same cre- 
dentials (18). However, not enough commu- 
nity college students transfer. 

Articulation is important: 82% of students 
who have all credits transfer from a commu- 
nity college to a 4-year institution graduate 
within a 6-year time frame; this number drops 
substantially to 42% when only some credits 
transfer (9). Community college and uni- 
versity faculty should agree on expectations 
and standards so that courses are more eas- 
ily transferable. But articulation polices dif- 
fer dramatically by state. Public institutions 
in some states share common course numbers 
and statewide transfer agreements. In other 
states, transfer of courses is very difficult, e.g., 
having only institution-by-institution transfer 
agreements, making degree completion more 
time consuming, difficult, and expensive both 
for students and taxpayers. 


An International Movement 

The need to open the doors of higher edu- 
cation beyond the relatively limited enroll- 
ments in selective universities has spawned an 
international movement to develop or expand 
institutions that are generally less expensive, 
more accessible, more flexible, and tied more 
closely to business. For example, several 
countries have followed the British model, 
developing Further Education (FE) or Tech- 
nical and Further Education (TAFE) institu- 
tions to provide technical education beyond 
high school. These institutions are generally 
more centrally controlled than U.S. commu- 
nity colleges and are not considered part of 
higher education, which limits local flexibility 
and the ability of students to progress to a bac- 
calaureate or higher degree level. Recently, 
international interest in the U.S. community 
college model has increased (20), many coun- 
tries have established community colleges 
based on it, and/or sending (or receiving) del- 
egations to (or from) U.S. community colleges 
to explain the U.S. model and how it might be 
adapted elsewhere. 

Community colleges must be seen as part 
of an educational continuum that bridges sec- 
ondary schools and 4-year colleges and uni- 
versities. Their impact on STEM education 
can be greatly enhanced by collaboration of 
teachers and faculty across educational sec- 
tors. At education councils where regional 
stakeholders convene to address elementary, 
secondary, and higher education, partici- 
pants appear to be helping break down barri- 
ers across this continuum, but much more is 
accomplished when administrators and fac- 
ulty are directly involved. 

What is being learned about helping stu- 
dents be successful in community colleges 


should help universities to be more success- 
ful with their students. Given recommenda- 
tions that the science curriculum needs to 
be reformed to include project- or research- 
based experiences as early as possible, this 
undergraduate research model is one in which 
community colleges will likely play a much 
larger role over the next decade. 
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MICROBIOLOGY 


Is the Tide Turning for New 
Malaria Medicines? 


Timothy N. C. Wells 


very so often, the tide turns in a field 
BE: science. In malaria research, for a 
while an approach called “rational 
design” held sway, with great optimism that 
new drugs would emerge from understand- 
ing the biology of the malaria parasite at the 
molecular level. On page 1175 of this issue, 
however, Rottmann ef al. (/) take our think- 
ing back up to the level of the parasite. 
Using older screening methods that 
involve whole malaria parasites and cells, the 
authors identify a new class of compounds, 


Use chemical data to identify 
available molecules (“hits“) using 
high-throughput 
screening against 
cellular assays (whole 


parasites) 
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Validate targets with 
knock-out organisms 


spiroindolones, that show promise for treat- 
ing malaria. Low concentrations of one 
spiroindolone, NITD609, kill the parasite’s 
erythrocytic (bloodstream) stages by block- 
ing protein synthesis, and preliminary tests 
in animals suggest that it could be developed 
into a safe drug. The timing here is impor- 
tant: Researchers in Cambodia have reported 
the first signs of resistance to artemisinin, the 
essential ingredient of existing malaria treat- 
ments for 100 million patients annually (2). 
There is thus an urgent need for candidates 
for new drugs that can overcome the chal- 
lenges of resistance. 

In the past decade, the availability of 
genome data and high-throughput sys- 
tems for screening compounds was her- 
alded as a breakthrough for discovering 
new anti-infective drugs. These molecular- 
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“WHOLE PARASITE” SCREENING APPROACH 


Identify active molecules 


based approaches promised to identify new 
“hits,” or compounds that could inhibit key 
enzymes or cell receptors at submicromolar 
concentrations. Unfortunately, this prom- 
ise has not been fulfilled. Payne er al. (3), 
for instance, concluded that the molecular 
approach was not efficient in identifying 
validated “targets,” such as specific genes 
or cellular pathways, for antimicrobial com- 
pounds. Targets are not validated until mol- 
ecules can be tested in the clinic; and even 
then, getting the hits to kill the microbe was 
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create preclinical drug 
candidates 
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drug candidates 


Determine molecular 
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far from simple. Their recommendation was 
twofold: Researchers should either work on 
families of compounds already shown to be 
clinically active, or return to screening com- 
pounds against whole microorganisms. 

This message was not lost on the indus- 
trial partners of the antiparasitic research 
community. Over the last few years, com- 
panies have screened several million com- 
pounds against the erythrocytic stages of the 
malaria parasite. They identified more than 
20,000 compounds that, at submicromolar 
concentrations, show some effect on the par- 
asites—a hit rate of 0.5% (4-6). This hit rate 
was startlingly higher than most predictions 
(3), and higher than the 0.1% hit rate that, in 
my experience, was considered a success for 
molecular-based screening programs. It also 
suggested that several years could be shaved 
offthe drug development process (see the fig- 
ure) if researchers could optimize, or further 
develop, the compounds identified by para- 
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A return to traditional screening methods 


has rapidly produced a candidate malaria drug. 


site-based screens without knowing exactly 
the molecular target they affected or the 
mechanism of action. 

Rottmann et al. show that such “blind” 
optimization can be done rapidly. Their hit, 
initially identified by screening some 12,000 
natural compounds and structurally similar 
synthetics against cells taken from malaria 
parasites, was optimized into a preclini- 
cal candidate in just 3 years. That is a tur- 
bocharged pace. Indeed, the first hints of 
NITD609’s mechanism of action didn’t come 


Ta 


al 
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Making a comeback. Older “whole parasite” 
screening approaches (top) can develop antimalaria 
drug candidates more rapidly than newer “rational 
design” molecular approaches (bottom). 


until the researchers studied how it acted 
against various mutant strains of the malaria 
parasite. These tests revealed that NITD609 
blocks protein synthesis by inhibiting the 
gene that encodes the P-type cation-trans- 
porter ATPase4 (PfATP4). 

One advantage of parasite-based screen- 
ing is that it identifies compounds that may 
act on more than one molecular target. Clini- 
cal experience has shown that drugs target- 
ing a single molecular pathway, such as folate 
synthesis (targeted by pyrimethamine) or 
electron transport (atovaquone), can rapidly 
generate resistant strains (6). Medicines that 
have a more ambiguous molecular target or 
targets, such as artemisinin or quinine, tend to 
fare better in the clinic. So it is reassuring that 
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Rottmann ef al. had difficulty producing par- 
asites resistant to NITD609 in vitro and that 
the molecule is active against malaria strains 
from Thailand, where resistance to artemini- 
sin is a growing problem. Both results sug- 
gest that the compound may affect more than 
one cellular process. 

A final twist in this story is that Rottmann 
et al.’s hit is a fully synthetic compound that 
was accidentally included in a collection of 
naturally occurring molecules; none of the 
other natural products were as interesting. 
Cell-based screening has not yet led us to new 
natural products that might replace artemisi- 
nin and quinine. It also suggests that future 
work on natural products should go back to 
its roots by focusing only on purifying natural 
molecules that have some clinical evidence of 
activity in humans. 

Do these developments mean that the days 
of searching for molecular targets for anti- 
parasitic drugs are over? Far from it. Target- 
based approaches are extremely useful once 
you know the target, and cell-based screening 


is one way of finding new molecular targets. 
Moreover, target-based approaches can help 
develop drugs that attack other stages of the 
malaria parasite’s life cycle. This is impor- 
tant in the context of malaria eradication (7), 
which will require new classes of medicines 
that can stop transmission to other patients by 
blocking the sexual stages of the parasite (8, 
9). There is also a need for new medicines to 
block reactivation by dormant parasites in the 
liver, which occurs in the case of infection by 
Plasmodium vivax (9), the major strain inAsia 
and South America (/0). Rational, molecular- 
based drug design also remains important in 
rapidly indentifying second-generation com- 
pounds that can overcome resistance. 

Can NITD609 replace artemisinin? 
Unfortunately, as in most drug development, 
the answer is “wait and see.” Artemisinin 
has two major strengths: It works quickly 
to reduce parasite levels in the bloodstream 
and resistance to it occurs less rapidly than 
for classical enzyme inhibitors. Meanwhile, 
NITD609’s route to regulatory approval is a 


long one. In vitro and animal data are often 
poor surrogates for clinical reality. Even the 
most optimistic observer would note that less 
than 20% of new compounds make it to final 
approval, and that the process can take up to 
8 years. The speed at which NITD609 has 
moved from a hit to a preclinical drug candi- 
date, however, suggests that we may not have 
to wait too long. 
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IMMUNOLOGY 


CAR’ ing for the Skin 


Andrey S. Shaw and Yina Huang 


he innate immune system provides the 
| first line of defense against pathogens 
through major barriers like the skin and 
mucosa. Specialized sentinel cells embedded 
in these barriers sound the alarm when they 
sense that the barrier has been breached (/). 
What these sentinel cells recognize and how 
they are activated have perplexed immunol- 
ogists for over a decade. Two papers in this 
issue, by Verdino ef al. on page 1210 (2) and 
by Witherden et al. on page 1205 (3), dem- 
onstrate that part of the mechanism involves 
the recognition of a tight junction protein 
expressed in the skin. 

The impermeable barrier of the skin is 
mediated by adhesive cellular structures 
called tight junctions that prevent the passage 
not only of fluid but also of pathogens. Com- 
posed mainly of proteins such as cadherins, 
claudins, and occludins, they also contain 
proteins of the immunoglobulin superfam- 
ily (IgSF). In tight junctions, the latter pro- 
teins fall into three families: JAM, CTX, and 
Nectins. An important role of IgSF proteins 
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in tight junctions is to facilitate the transient 
opening of epithelial barriers to permit the 
passage of cells. This is important for allow- 
ing immune cells to pass through endothelial 
and epithelial barriers during an inflamma- 
tory response (4) and spermatogonia to cross 
the blood-testis barrier (5). Curiously, these 
proteins also act as receptors for viruses like 
polio, herpes, adeno-, coxsackie, and reovirus 
(6-8). Whether binding to these IgSF proteins 
is directly used by viruses to cross epithelial 
barriers is not known, as uninjured epithelium 
is generally resistant to adenoviral infection. 

An important sentinel cell in the skin is 
the y6 T cell. In contrast to the classical a8 
T cell, which recognizes foreign antigens, it 
is not known what molecules are recognized 
by a y6 T cell. The latter expresses a limited 
number of T cell receptors (TCRs), suggest- 
ing that they may bind to conserved ligands 
whose expression is triggered by cell injury 
or stress. In the skin, a y6 T cell is known as 
a dendritic epidermal T cell (DETC) because 
of its unusual octopus-like shape, extend- 
ing processes that contact many cells in the 
skin (see the figure). Once activated, a DETC 
secretes cytokines that promote inflammation 
and stimulate repair of the barrier (9). 


Epidermal T cell responses to injury and 
infection require stimulation by a protein 
that maintains cell adhesion and normal 
dermal integrity. 


Naive T cells cannot be activated merely 
through the association of a ligand with 
the TCR, but require engagement of a sec- 
ond costimulatory receptor (/0). The need 
for two signals is thought to prevent inap- 
propriate activation of the immune system. 
Witherden ef al. characterized a monoclo- 
nal antibody that costimulated TCR signal- 
ing in mouse DETCs. Although antibodies 
to the TCR weakly activated DETCs, addi- 
tion of this monoclonal antibody potentiated 
proliferation and cytokine production. Mass 
spectroscopy revealed that the antibody 
recognized a JAM family protein called 
junctional adhesion molecule—like protein 
(JAML) (//). JAML is important for neu- 
trophil chemotaxis across endothelial cells 
by binding to another member of the JAM/ 
CTX/Nectin family called coxsackievirus 
and adenovirus receptor (CAR) (/2). 

Witherden et al. found that in mice, 
JAML is weakly expressed on naive DETCs 
but not on other lymphocytes, including af 
T cells, B cells, or splenic y6 T cells. Activa- 
tion strongly induced JAML expression in 
all y6 T cells, as well as on a subpopulation 
of CD8* T cells. However, JAML costimu- 
lated TCR signaling only in epidermal and 


3 SEPTEMBER 2010 VOL329 SCIENCE wwwssciencemag.org 


Published by AAAS 


Downloaded from www.sciencemag.org on September 2, 2010 


CREDIT: Y. GREENMAN/SCIENCE 


intestinal y6 T cells but not in CD8* T cells 
or splenic y6 T cells. JAML thus functions 
as a specific costimulatory receptor only 
in Yd T cells in skin and mucosal barriers. 
Blocking JAML engagement substantially 
delayed wound healing in mice, demon- 
strating the physiological relevance of the 
JAML-CAR interaction. 

To examine the interaction in greater 
detail, Verdino et al. crystallized the ectodo- 
main of JAML as well as the JAML-CAR 
ectodomain complex. Both molecules pos- 
sess two tandem Ig domains. Whereas CAR 
has a typical flexible linkage between these 
domains, the two Ig domains in JAML inter- 
act with each other, making the structure 
more rigid. In addition, whereas Ig domains 
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typically interact with their ligands via the 
loops at the ends of the B sheets, JAML inter- 
acts with CAR via the sides of their two Ig 
domains, similar to the interaction between 
the immune cell adhesion molecules CD2 
and CD58 (/3). 

Because viruses interact at the same 
interface, structural features of the interface 
between JAML and CAR are of interest. 
The interface is unusual because it is mainly 
hydrophilic and composed of numerous 
salt bridges and hydrogen bonds. The large 
number of interactions allows the interface 
to impart a high specificity but may also be 
responsible for the large number of virus 
interactions. Adenovirus interacts with 16 of 
the 18 key residues of CAR, whereas cox- 


Layers of the epidermis 


Tight 
ZO __ junctions 


=¥g Ss Keratinocyte 


Dendritic 
epidermal 
T cell 


6 T cell 
receptor 


Tell receptor 
signaling 


J 


Cytokine and growth 
factor production 


Alerting injury to the skin. In normal human skin epidermis, tight junctions are mainly found in the SG, 
whereas DETCs are located in the layer below. The engagement of tight junction proteins prevents them from 
being bound by viruses or T cells. Injury by, for example, a virus disrupts tight junctions in the skin, freeing 
junctional components so that they can bind to viruses as well as DETCs. 
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sackie virus interacts with 6 critical resi- 
dues. Because the JAML-CAR interaction 
involves so many residues, changing any 
one of them to evade viral binding would 
probably also impair JAML-CAR function. 

The presence of dimers in the crystal 
structure suggested that JAML dimers that 
are formed by CAR binding might trigger 
JAML signaling in the yd T cell. Indeed, 
Verdino et al. found that the binding of 
phosphatidylinositol 3-kinase (PI 3-kinase) 
to a conserved motif in the JAML cyto- 
plasmic domain occurred only when JAML 
dimerized. Mutational studies showed 
that this binding motif, as well as an adja- 
cent proline motif important for activa- 
tion of Src kinases (/4), is important for PI 
3-kinase binding. Proof that these sequences 
are important for the costimulatory func- 
tion of JAML, however, requires further 
analysis because the role of PI 3-kinase in 
DETC costimulation was not directly exam- 
ined. Although it was long assumed to be 
important, it was recently shown that the PI 
3-kinase binding site in CD28, the best-stud- 
ied costimulatory receptor, is not necessary 
for costimulation in B T cells (75). 

Because CAR is constitutively expressed 
on keratinocytes, what is the sequence 
of events that results in the activation of 
DETCs? Activation increases JAML expres- 
sion, so TCR recognition of its unknown 
ligand should stimulate JAML production, 
allowing it to potentiate TCR signaling. Yet, 
CAR is sequestered in tight junctions in nor- 
mal skin and is not likely to be accessible 
to JAML expressed on DETCs. Viruses are 
known to cause tight junction disassembly, 
releasing CAR to allow for further infection 
(16). This released CAR may be sensed by 
the DETC. Definitive answers to these ques- 
tions await the identification of a bona fide 
ligand for TCR of 6 T cells, but the identifi- 
cation of JAML as a costimulatory receptor 
is a critical step in that direction. 
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PALEONTOLOGY 


Marine Biodiversity Dynamics 


over Deep Time 


Charles R. Marshall 


To fossil record provides our only 
direct window into how Earth’s bio- 
diversity has changed over the past 
530 million years. Efforts to dissect diver- 
sity dynamics, however, have been impeded 
by gaps in the fossil record and uneven sam- 
pling by paleontologists. As a result, two of 
the most fundamental questions in 
paleobiology remain contentious. 


ogy Database (PBDB) (4), a large and grow- 
ing compilation of data from nearly 100,000 
fossil collections. Over the past decade, 
researchers have used statistical techniques 
to “subsample” the PBDB and draw “sample- 
standardized” diversity curves (5), includ- 
ing one published by Alroy and colleagues in 


2500 
How, in detail, has diversity changed 
over geologic time? And what is the 


20004 
nature of the rules that governed 5 
these diversity changes? More spe- 215004 
cifically, was the diversification of 
most groups of organisms uncon- 2 
strained, or was it subject to some 5 1000) 


sort of limit? On page 1191 of this 
issue, Alroy (/) presents a new anal- 
ysis of the marine fossil record that 
goes to the heart of these questions. 0 


500+ 


The results are unlikely to be univer- 
sally accepted, but they help to pin- 


point the critical issues. 

Alroy is not the first to attempt 
to graph the historic ebb and flow of 
marine biodiversity. One early effort 
came in 1860 (2), and in the 1980s 
Sepkoski combed the paleontology 
literature to develop a massive com- 
pendium that listed the first and last 
occurrences of known marine gen- 
era (3) and drew what has become 
the standard diversity curve (see the 
figure, panel A). This approach left 
many unsatisfied, however, because 


Subsampled number of genera 


it did not account for biases in sam- 


pling. One problem, for instance, is 
that older fossils may be underrep- 
resented because they are less likely 
than younger fossils to have survived 
erosional processes and to be found 
by paleontologists. Another problem 
is that investigators have collected 
more heavily in some geographic 
areas and rock strata than others. In 
an attempt to overcome such biases, 
Alroy and colleagues (including 
Sepkoski) created the Paleobiol- 
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Analysis of a large fossil database puts a new 
curve on the history of marine life. 


2008 (6) (see the figure, panel B). 

Alroy has now used the PBDB to produce 
a diversity curve (panel C) with some features 
that were seen in Sepkoski’s original uncor- 
rected curve (3), but were absent from earlier 
PBDB curves (5, 6). Using this curve, Alroy 
reaches the unsurprising conclusion that the 
rules governing diversification of major 
groups were not fixed over time. The 
end-Permian mass extinction, for exam- 
ple, “reset” the rules for crinoids and 
“articulate” brachiopods, which led to 
lower diversity in these groups after the 
mass extinction. A second conclusion, 
more controversial and more dependent 
on the details of the new curve, is that 
most groups have caps on their diversity, 
although those caps varied at different 
times. That is, Alroy’s analysis appears 
to refute some previous work that argues 
for unconstrained, or exponential, diver- 
sification of the marine biota (7, 8). 

To place Alroy’s results in context, it 
helps to note that the first results from 
the PBDB in 2001 (5) were contentious 
in part because they showed an almost 
complete absence ofa diversity increase 
in the Cenozoic (~65 million years ago 
to the present). This absence of a diver- 
sity rise, however, was challenged by 
other data; for example, researchers 
had reported that the average number of 
species found per locality increased dra- 
matically toward the present (9). Fur- 
thermore, doubts arose over the verac- 
ity of the subsampling methods used to 


Diverse views of diversity. (A) Sepkoski’s 
marine animal diversity curve has long been 
the standard, but lacks correction for uneven 
temporal or spatial sampling. (B) A more 
recent diversity curve based on the Paleobiol- 
ogy Database (PBDB) attempted to correct for 
uneven sampling and offers a different view of 
diversity dynamics (6). (C) The latest diversity 
curve from the PBDB uses a new method for 
correcting for uneven sampling (1) and, for the 
Cenozoic (yellow), is strikingly similar to Sep- 
koski’s. The challenge now is to reach agree- 
ment on the methods for correcting for uneven 
sampling and for rigorously demonstrating 
that the PBDB provides a balanced reflection 
of the fossil record. 
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create the first PBDB curve (/0). The 2008 
PBDB curve rested on essentially the same 
methods but reflected data from about eight 
times as many collections (6). Nonetheless, 
the curve remained flatter over the Cenozoic 
than many expected. 

One important reason for the differences 
in the PBDB curves, at least in the Ceno- 
zoic, seems to be the use of a new method of 
sample standardization. Alroy calls it share- 
holder sampling and asserts that, unlike pre- 
vious methods, it ensures that uncommon 
taxa are fairly represented in the results. 
This method suggests that previous sample- 
standardized curves were indeed severely 
“damped” or showed less diversity than 
actually was present. Now, other similarly 
damped curves will need to be reexamined. 
For example, a sample-standardized study 
of phytoplankton has produced a remark- 
ably flat trajectory toward the present that 
may understate diversity trends (//). 

This is not likely to be the last word on 
marine diversity patterns over the past 530 


million years. First, shareholder sampling 
needs to be further vetted by the scientific 
community. A second, deeper question is 
whether the PBDB is currently an accurate 
reflection of the fossil record. Some feel that 
it is not (12—/4). For example, most groups 
of living organisms show a pronounced lat- 
itudinal diversity gradient, with diversity 
decreasing from the equator to the poles. The 
PBDB’s fossil record of bivalves over the past 
11 million years, however, does not show a 
similar pattern. In part, this is because some 
key literature is missing from the PBDB, and 
also we have poor knowledge of the fossil 
record of the tropical realm, particularly of 
the diverse Indo-West Pacific, relative to tem- 
perate regions (/2). These and similar defi- 
ciencies might be biasing the PBDB toward 
curves that support the view that there were 
constraints on diversification for groups such 
as bivalves. To further reduce such biases, 
projects such as the recent €2.7 million (U.S. 
$3.4 million) effort by the European Union 
to describe Indonesia’s tropical marine fossil 
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record will be of critical importance. 

Although Alroy’s curve represents the lat- 
est contribution to our understanding of diver- 
sity dynamics on geologic time scales, there 
will be no immediate consensus on the details 
of the pattern of diversity. Still, the pieces are 
falling into place for rigorously understand- 
ing the dynamics that have shaped, and con- 
tinue to shape, the biosphere. 
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CHEMISTRY 


Just Add Water 


Mikhail I. Katsnelson 


he discovery of graphene (/-3), a 
"| seinen allotrope of carbon, 

has initiated huge activity in physics, 
chemistry, and materials science. The pecu- 
liar character of charge carriers in this mate- 
rial makes it a “CERN on the desk,” allowing 
some of the subtle effects of high-energy phys- 
ics to be simulated in a microscopic, solid- 
state sample. Graphene is the simplest pos- 
sible membrane, a sheet of carbon atoms just 
one atom thick—an ideal testbed for statisti- 
cal physics in two dimensions. It also prom- 
ises brilliant perspectives for the next gen- 
eration of electronics researchers, who have 
mainly been limited to the surfaces of materi- 
als. However, graphene is not only interesting 
in itself. On page 1188 of this issue, Xu et al. 
(4) present a new use of graphene that may be 
a breakthrough in studies of the physics and 
chemistry of wetting. 

The interaction of water with surfaces of 
solids is a process of extraordinary impor- 
tance in many natural phenomena (includ- 
ing corrosion, atmospheric processes such as 
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rain precipitation, and geological processes 
such as erosion), as well as in catalytic reac- 
tions used by the chemical industry (5). Wet- 
ting processes are determined essentially by 
the structure of the first water molecular layer 
formed at the surface (6). Ideally, we would 
like to be able to watch growth of the water 
layer step by step, with atomic resolution. 
In principle, modern local probe techniques 
such as scanning tunneling microscopy 
(STM) or atomic force microscopy (AFM) 
are the appropriate tools (7). The problem is 


A graphene overlayer is used to map 
the structure of water from ice to liquid, 
one atomic layer at a time. 


On the surface. The mica surface is partially cov- 
ered by water. Xu et al. show that the graphene 
monolayer covering the surface does not disturb the 
structure of water clusters and protects them from 
disturbance by the AFM tip. 


that, at least at room temperature (which is, 
naturally, the most interesting case for most 
applications), the water molecules are too 
weakly coupled to the surface. The probe tip 
can easily push the molecules and affect the 
measurements. We know the atomic struc- 
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ture of water monolayers at low temperatures 
from STM measurements (7), but at ambient 
conditions the available experimental data are 
less direct. 

Although graphene is extremely thin, it 
is a mechanically very strong (8) and imper- 
meable membrane, even for the smallest 
atoms and molecules (9), and interacts with 
insulating substrates by rather weak van der 
Waals forces (/0). For water on a mica sur- 
face, Xu et al. show that an overlayer of gra- 
phene protects the water layer and does not 
disturb its structure. Using AFM, they were 
able to probe the water structure at different 
thicknesses with atomic-scale resolution. The 
scheme of the system is quite simple (see the 
figure). Because mica is hydrophilic, its sur- 
face is naturally covered by water, at least, 
partially. Graphene follows the atomic relief 
of the wet substrate, showing the first, second, 
and further water layers. As a result, the struc- 
ture of the water layer at room temperature 
and different humidity can be imaged. It turns 
out that the first monolayer of water on mica 


has an ice structure, as does the second layer 
forming at higher humidity. Subsequent lay- 
ers, however, seem to be already liquid-like. 
The atomic resolution allows us also to study 
the role of specific nucleation centers in the 
wetting process. 

This method can be applied to other sur- 
faces with different types of chemical bond- 
ing, which would give us a deeper under- 
standing of differences between hydrophilic 
and hydrophobic substrates. Although gra- 
phene was used only as a cover layer, knowl- 
edge of the structure of water under graphene 
is very important to better understand the 
mechanisms responsible for the behavior of 
the electron mobility in graphene on various 
substrates. In such cases, the complex inter- 
action between the graphene, substrate, and 
water can influence the doping of the gra- 
phene and the electron scattering processes 
within it (7/). 

Up to now, the main interest in graphene 
has been related to its own properties (/—3), 
but it can be also used as a scaffold material 


(S); one can put large molecules on this very 
stiff, transparent, and conducting membrane 
and study them by various methods. The 
work of Xu et al. is the first application of gra- 
phene as a cover material in surface science to 
protect a surface from effects of the measur- 
ing devices. The ability to understand wetting 
at atomic resolution is the first demonstration 
of the importance of this approach; others are 
sure to follow. 
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TRANSCRIPTION 


Targeting the Core of Transcription 


D. Grahame Hardie 


adenosine 5’-monophosphate—acti- 

vated protein kinase (AMPK) is a cel- 

lular energy sensor expressed across 
eukaryotes (/). It is switched on by stresses 
that disturb energy balance and triggers both 
acute responses and longer-term adaptations 
by affecting gene expression. It was thought 
that its transcriptional effects were mediated 
largely via phosphorylation of transcription 
factors (2) or coregulators (3, 4) that recruit 
RNA polymerase II to gene promoters. How- 
ever, on page 1201 of this issue, Bungard et 
al. (5) suggest that AMPK might cause addi- 
tional effects by phosphorylating a chromatin 
protein, histone H2B. 

AMPK is activated by both genotoxic 
and metabolic stresses, and Bungard et al. 
found that mouse embryonic fibroblasts lack- 
ing functional AMPK were less viable and 
showed reduced expression of genes con- 
trolled by the transcription factor p53 in 
response to such stresses. Using chromatin 
immunoprecipitation, they report evidence 
that AMPK associated with promoters tar- 


College of Life Science, University of Dundee, Dow Street, 
Dundee DD1 5EH, Scotland, UK. E-mail: d.g.hardie@ 
dundee.ac.uk 


geted by p53 in stressed cells, along with liver 
kinase B1 (LKB1), an enzyme required for 
its activation. One puzzle here is that LKB1 
accessory subunits (STRAD and MO25), 
which are essential for its activity (6), also 
sequester it in the cytoplasm (7), so it remains 
unclear whether nuclear LKB1 is active. 

The budding yeast AMPK ortholog is 
known to phosphorylate histone H3 (8), but 
Bungard et al. show that in mammalian cells 


An enzyme that senses metabolic stress 
phosphorylates a chromatin protein to control 
gene expression and adaptive responses. 


AMPK phosphorylates histone H2B [at ser- 
ine residue 36 (Ser**)] in response to meta- 
bolic stress or treatment with AMPK-activat- 
ing drugs. The optimal motif for phosphoryla- 
tion by AMPK was previously defined (9—//) 
as a serine flanked by hydrophobic and basic 
residues (see the figure). The sequence around 
Ser** on H2B has conserved basic residues 
that are five and three residues before the ser- 
ine, which is a variation on the canonical rec- 


® AMPK recognition motif. An 
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Acetyl-CoA carboxylase-1: 
HMG-CoA reductase: 

Muscle glycogen synthase: 
Hormone-sensitive lipase: 

CRTC2 (TORC2): 

Transcriptional coactivator p300: 
Insulin receptor substrate-1: 
Cardiac PFK2: 

Endothelial NO synthase: 

Human H2B: 
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Caenorhabditis elegans H2B: 
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alignment is shown of the generic 
recognition motif of AMPK and 
the amino acid sequences on 
human proteins that are known 
to be phosphorylated by AMPK, 
including Ser? on H2B. The 
phosphorylation site (denoted P, 
in green), and critical flanking 
hydrophobic (orange) and basic 
(blue) residues are shown (num- 
bers representing their positions 
relative to the phosphoryla- 
tion site). Some substrates (e.g., 
ACC1) also have regularly spaced 
hydrophobic residues at P—5, 
P—9, P—12/13, and P—16, which 
form an amphipathic helix (10). 


Downloaded from www.sciencemag.org on September 2, 2010 


ognition motif also seen in two established 
substrates, cardiac phosphofructokinase and 
endothelial nitric oxide synthase. However, 
the last-named substrates (unlike H2B) have 
hydrophobic residues between the two basic 
residues. Moreover, in H2B, the residue four 
positions after the serine is tyrosine, which 
was found to be unfavorable in a peptide 
library approach (//). Despite this imperfect 
fit to the recognition motif, AMPK may phos- 
phorylate Ser** on H2B because it is recruited 
to these promoters through other interactions. 

Both AMPK and phosphorylated H2B (at 
Ser*’) associated not only with the promot- 
ers, but also with transcribed regions of tar- 
get genes, which suggests a possible effect 
on elongation of transcription. When Ser*° 
was changed to alanine (which prevented 
phosphorylation) and the mutated protein 
expressed, less RNA polymerase II associated 
with transcribed regions of a p53 target gene 
compared with cells expressing wild-type 
H2B. Moreover, expression of several other 
p53 targets in response to a metabolic stress 
decreased, and fewer cells survived the insult. 


How general is this mechanism across 
eukaryotes? Activation of the budding yeast 
AMPK ortholog (SNF1) enhances transcrip- 
tion at a promoter at which RNA polymerase 
II is already recruited (/2), although it is not 
clear whether this requires H2B phospho- 
rylation. In budding and fission yeast H2B, 
the critical basic residues are conserved, but 
Ser* itself is replaced by threonine. Although 
threonine residues can be phosphorylated by 
yeast SNF1, serine is preferred (9). Thus, it 
remains unclear whether H2B would be a tar- 
get for the yeast kinase. 

The findings of Bungard et al. suggest that 
AMPK can modulate stages in transcription 
beyond RNA polymerase II recruitment by 
phosphorylating core components of chro- 
matin. One possibility is that Ser*® phos- 
phorylation introduces two negative charges 
that destabilize wrapping of DNA around 
nucleosomes, and so directly facilitates the 
elongation phase of transcription. Structures 
of the nucleosome reveal that Ser* is not in a 
location particularly accessible to the kinase, 
so it is likely that phosphorylation would have 
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to occur on histones when they are not pres- 
ent ina nucleosome, or DNA may have to dis- 
sociate to allow the modification. 

AMPK has generated much interest 
recently because of its importance in metabo- 
lism and its potential as a drug target in dia- 
betes and cancer. The finding that it modifies 
chromatin adds another interesting facet to 
the varied effects it has on cellular function. 
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ASTRONOMY 


Fullerenes and Cosmic Carbon 


Pascale Ehrenfreund' and Bernard H. Foing? 


arbon is formed by fusion reactions 

in the cores of stars, and in the late 

stages of stellar evolution, massive 
stellar winds expel it into interstellar space. 
Atomic carbon participates in gas and solid- 
state chemical reactions to form a variety 
of organic compounds within circumstel- 
lar regions and interstellar clouds (/). Spec- 
troscopic studies of these regions have long 
provided tantalizing clues to the presence of 
large carbon molecules that contain many 
aromatic rings. Candidate molecules include 
polycyclic aromatic hydrocarbons (PAHs), in 
which the rings join in flat sheets, and fuller- 
enes, in which they form closed cages. New 
spectroscopic observational and analytical 
tools are helping to pin down which mole- 
cules are present, as well as characterize the 
environments that lead to their formation. 
On page 1180 of this issue, Cami ef al. (2) 
report the detection, by means of the Infra- 
red Spectrograph (IRS) onboard the Spitzer 
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Space Telescope, of vibrational bands of the 
fullerenes C,, and C,, as neutral molecules, 
likely attached to dust grains, in the young 
planetary nebula Tc 1. There was no evidence 
of other major carbon compounds, such as 
PAHs, in this hydrogen-poor environment. 
These observations raise important questions 
about the formation and evolution of fuller- 
ene compounds in circumstellar regions. 
Fullerenes became candidates for inter- 
stellar carbon molecules only after their lab- 
oratory discovery by Kroto et al. (3). A few 
years later, Kratschmer et al. (4) reported the 
synthesis of macroscopic quantities of C,, 
from condensed soot. Since then, the pres- 
ence of soot material in carbon-rich stars, 
along with the spontaneous formation and 
remarkable stability of the fullerene cage, 
strongly suggested the existence of fullerene 
compounds in interstellar space. Fullerenes 
are now made in the lab either by vaporiza- 
tion of graphite in a hydrogen-poor atmo- 
sphere or by photochemical processing of 
hydrogenated amorphous carbon. 
Monitoring of soot formation shows that 
polyyne chains (carbon chains with alter- 
nating single and triple bonds) act as inter- 


Hydrogen-poor conditions in a planetary 
nebula enable the detection of carbon-cage 
molecules C,, and C_,, confirming the existence 
of fullerenes in space. 


mediates and can form different products. 
PAHs form in the presence of sufficient 
hydrogen, but when hydrogen is absent, 
polyynes cross-link to form fullerenes (5). 
Recent laboratory studies forming carbon 
particles by gas-phase condensation reac- 
tions, such as laser pyrolysis and laser abla- 
tion, show that the temperature in the con- 
densation zone plays a key role. Below 1700 
K, the condensation by-products are mainly 
PAHs with three to five aromatic rings (6). 
At condensation temperatures above 3500 
K, fullerene-like carbon grains and fuller- 
ene compounds are formed. Molecular syn- 
thesis may occur in the circumstellar envi- 
ronment on time scales as short as several 
hundred years (7). 

The two strongest electronic bands, fin- 
gerprints of the C,,” ion, were discovered 
in the near-infrared spectra of more than 15 
distant stars whose light is absorbed through 
diffuse interstellar clouds (8—/0). The abun- 
dance of C,,” has been inferred from optical 
measurements to be 0.3 to 0.9% of the cos- 
mic carbon (8, /0). Until the study by Cami 
etal., the search in mid-infrared wavelengths 
for vibrational transitions in emission of C,, 
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Carbon chains 


Carbon in space. The evidence for interstellar C,.* 
and detection of neutral C,, and C,, fullerene com- 
pounds in Tc 1 boosts the number of carbon allo- 
tropes present in space. Nanodiamonds and graphite 
are found in meteorites. Amorphous carbon may rep- 
resent the main component of the solid-state carbon 
fraction in low-density interstellar regions. Future 
observations and laboratory data may lead to the 
identification of other fullerene compounds, such as 
carbon nanotubes or carbon onions. Polyynes (car- 
bon chains) and polycyclic aromatic hydrocarbons 
(PAHs) are observed ubiquitously in space and are 
likely involved in the process of fullerene formation. 


and C,,* yielded spectra that could provide 
only uncertain upper limits. The spectrum 
of Tc | displays clean symmetric bands that 
confirm the presence of fullerenes in space. 
The profiles of the bands, their position, and 
their width indicate that C,, and C,, mole- 
cules are in a neutral state. Gas-phase fuller- 
enes ionize readily, so these molecules are 
likely trapped on dust grains. 

The progenitors of planetary nebulae are 
red giant stars that have expelled gas and 
dust and formed a circumstellar envelope. 
Thermal pulses cause the ejection of their 
outer envelopes and create shells that cool 
and become regions for active gas-phase and 
solid-state chemistry leading to molecule 
formation. The core of Tc | provides opti- 
mal conditions for detecting the prevalence 
of C,, and C,, fullerene compounds in terms 
of temperature, recent ejection of hydrogen- 
poor precursor material, and a compact shell 
where ultraviolet excitation is low. This short 
phase that favors fullerene evolution may 


C Carbon nanotubes 


occur in the evolution of other planetary 
nebulae. In the outer shell of Tc 1, hydrogen 
emission lines are observed at optical wave- 
lengths, and a search for PAHs in this region 
could prove fruitful. 

Although C,, and C,, represent only 
~1% of the cosmic carbon, the analysis by 
Cami et al. and future observations will lead 
to a better understanding of physical and 
chemical processes in space, including the 
formation of carbon allotropes (/) (see the 
figure). Fullerene-like structures are pres- 
ent in “terrestrial” lab soot, and apart from 
circumstellar regions such as Tc 1, they are 
likely a component of the interstellar refrac- 
tory dust fraction that dominates the inven- 
tory of cosmic carbon in diffuse clouds (//, 
12). Fullerene onions (formed of concen- 
tric shells of carbon) or nanotubes may also 
contribute to this reservoir. Direct and long- 
term exposure of fullerenes to cosmic rays 
when attached onto grain surfaces may lead 
to complete carbon amorphization in a few 
billion years. The stability of C,, and C,, 
fullerenes in the solid state in the interstel- 
lar medium and in solar system objects has 
recently been simulated with y irradiation 
and He* ion bombardment (/3). 

In the interstellar gas, fullerenes may 
have a rich chemistry. C,, and C_, are highly 
electronegative and readily form compounds 
with electron-donating atoms (/4). Ultravi- 
olet irradiation in low-density interstellar 
clouds will ionize C,,, but the correspond- 
ing C,, dication is very stable. Hydrogenated 
fullerenes, as well as fullerenes forming 


Nanodiamond 


complexes with atoms or molecules in and 
outside their cages, may be present in cir- 
cumstellar and interstellar environments. 

The detection and analysis of Tc | pro- 
vides a stimulus for further optical and infra- 
red spectroscopic observations of circums- 
tellar and interstellar fullerenes. Continued 
astronomical observations following these 
high-quality Spitzer data and related labora- 
tory data will open a way for exploring the 
fascinating chemistry of these fullerenes in 
space environments. 
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Heavy Fermions and 
Quantum Phase Transitions 


Qimiao Si’* and Frank Steglich?* 


Quantum phase transitions arise in many-body systems because of competing interactions that promote 
rivaling ground states. Recent years have seen the identification of continuous quantum phase transitions, 
or quantum critical points, in a host of antiferromagnetic heavy-fermion compounds. Studies of the 
interplay between the various effects have revealed new classes of quantum critical points and are 
uncovering a plethora of new quantum phases. At the same time, quantum criticality has provided 
fresh insights into the electronic, magnetic, and superconducting properties of the heavy-fermion metals. 
We review these developments, discuss the open issues, and outline some directions for future research. 


uantum mechanics not only governs the 

subatomic world but also dictates the or- 

ganization of the microscopic particles in 
bulk matter at low temperatures. The behavior is 
strikingly different depending on the spin (the 
internal angular momentum) of the constituent 
particles. Particles whose spin is an integer mul- 
tiple of 4 (Planck’s constant / divided by 27) are 
bosons. When cooled down to sufficiently low 
temperatures, they will be described by the same 
wave function, forming a “condensate.” Particles 
whose spin is a half-integer of f, on the other 
hand, are fermions satisfying the Pauli exclusion 
principle; no two particles can have the same 
state. At absolute zero, they occupy the states 
with the lowest energies, up to an energy referred 
to as the Fermi energy. In the momentum space, 
this defines a Fermi surface, enclosing a Fermi 
volume in which all the states are occupied. 

When the particle-particle interactions are in- 
cluded, the behavior of such quantum systems 
becomes even richer. These strongly correlated 
systems have taken the center stage in the field of 
quantum matter over the past two decades (/). 
High-temperature superconductors, fractional quan- 
tum Hall systems, colossal magnetoresistive ma- 
terials, and magnetic heavy-fermion metals are a 
few prominent examples. The central question 
for all these systems is how the electrons are or- 
ganized and, in particular, whether there are prin- 
ciples that are universal among the various classes 
of these strongly correlated materials. One such 
principle, which has come to the forefront in re- 
cent years, is quantum criticality (2). 

A quantum critical point (QCP) arises when 
matter undergoes a continuous transition from 
one phase to another at zero temperature. A non- 
thermal control parameter, such as pressure, tunes 
the amount of zero-point motion of the constit- 
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uent particles. In other words, such a parameter 
controls quantum-mechanical tunneling dictated 
by Heisenberg’s uncertainty principle, changing 
the degree of quantum fluctuations. This is the 
analog of varying the thermal fluctuations in the 
case of temperature-driven classical phase tran- 
sitions, such as the melting of ice or the loss of 
ferromagnetic order in iron. 

The temperature-pressure phase diagram ob- 
served in the heavy-fermion intermetallic com- 
pound CePd,Si, is illustrated in Fig. 1A (3). At 
ambient pressure, CePd,Si orders into an anti- 
ferromagnet, below the Néel temperature Ty of 
about 10 K. Applying pressure reduces 7 mono- 
tonically, eventually suppressing the antiferromag- 
netic order altogether and turning the system into a 
paramagnetic metal. The putative critical pressure 
Pc is around 2.8 GPa, at which point an antifer- 
romagnetic QCP is implicated. The QCP, how- 
ever, is not explicitly observed. Instead, a “dome” 
emerges at very low temperatures in the vicinity 
of p., under which the system is a superconductor. 

This phase diagram exemplifies a general point. 
It suggests that antiferromagnetic quantum criticality 
can provide a mechanism for superconductivity— 
an observation that may be of relevance to a range 
of other strongly correlated systems, such as high— 
critical temperature (7..) cuprates, organic super- 
conductors, and the recently discovered high-T, 
iron pnictides. The formation of new phases near 
a QCP may be considered the consequence of an 
accumulation of entropy, which is a generic fea- 
ture of any QCP (4) and has recently been observed 
experimentally (4-6). 

A good example for such an antiferromag- 
netic QCP is the one observed in the compound 
YbRh2Siy (4). Here, the nonthermal control pa- 
rameter is a (small) magnetic field. The studies of 
heavy-fermion antiferromagnets have shown that 
accompanying the QCP at zero temperature is a 
finite parameter range at nonzero temperatures, in 
which the metallic state is anomalous (Fig. 1B) 
(7, 8). Over this quantum critical regime, the 
electrical resistivity is linear in temperature—a 
telltale sign for an unusual metallic state. This 


Bi /\ 


non-Fermi liquid behavior (9), which goes 
beyond the standard theory of metals [Fermi- 
liquid theory (/0)], is another phenomenon that is 
broadly relevant to the physics of strongly cor- 
related systems (1/, 2). 

Quantum criticality has been implicated to 
one degree or another in a host of other heavy- 
fermion metals (4, /3, 14). These include CeCu,Siv, 
the first superconductor to be observed among 
heavy-fermion metals (/5), and CeRhiIns (Fig. 
1C) (6). Extensive theoretical studies have led 
to unconventional quantum criticality (/7—20). 
More recently, a plethora of phases have been 
uncovered in heavy-fermion metals near a QCP 
[such as in Ir-doped YbRh2Sip (8) and in B-YbAIBy 
(21)]. Together with the theoretical studies of the 
global phase diagram of the heavy-fermion metals 
(22, 2), these developments open up an entirely new 
frontier on the interplay between quantum critical- 
ity and unusual phases. 


Quantum Phase Transitions 


Quantum phase transitions result from the var- 
iation of quantum fluctuations. Tuning a control 
parameter at absolute zero temperature tilts the 
balance among the competing ground states as- 
sociated with conflicting interactions of quantum 
matter. 

Heavy-fermion metals comprise a lattice of 
localized magnetic moments and a band of con- 
duction electrons (/0). The exchange interaction 
between the local moments is primarily that me- 
diated by the conduction electrons: the familiar 
Ruderman-Kittel-Kasuya-Yoshida (RKKY) in- 
teraction. This interaction drives the local mo- 
ments into an ordered pattern, much like H,O 
molecules are condensed into an ordered arrange- 
ment in ice. The Kondo-exchange interaction be- 
tween the local moments and conduction electrons 
introduces spin flips, which is a tunneling process 
enabled by quantum mechanics. Corresponding- 
ly, increasing the Kondo interaction amounts to 
enhancing quantum fluctuations, which eventu- 
ally destroys the magnetic order and yields a 
paramagnetic phase (23, 24). 

The theory of classical phase transitions, for- 
mulated by Landau (25), is based on the princi- 
ple of spontaneous symmetry breaking. Consider 
CePd,Si, at ambient pressure. In the paramag- 
netic phase, at 7> Ty, the spins are free to rotate. 
Upon entering the magnetically ordered phase, 
this continuous spin-rotational symmetry is spon- 
taneously broken; the spins must choose preferred 
orientations. In the Landau formulation, this sym- 
metry distinction is characterized by a quantity 
called order parameter; in our case, this is the 
staggered magnetization of the antiferromagnet. 
The order parameter is nonzero in the magneti- 
cally ordered phase but vanishes in the paramag- 
netic phase. The critical point arises when the 
phase transition is continuous—when the order 
parameter goes to zero smoothly. It is described in 
terms of the spatial fluctuations of the order 
parameter. These fluctuations occur over a char- 
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Fig. 1. Quantum phase transitions 
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in heavy-fermion metals. (A) Suppres- 
sion of antiferromagnetic order through 
pressure in CePd2Siz. Ty is the Néel 
transition temperature, and the cor- 
responding antiferromagnetic order 
is illustrated in the inset. At the 
boundary of the antiferromagnetism, 
a phase of unconventional super- 
conductivity arises. T. corresponds to 
the superconducting transition tem- 
perature (3). (B) Field-induced quan- 
tum phase transition in YbRh2Siz. The 
blue regions label the Fermi-liquid 
behavior observed with measurements 
of electrical resistivity and other trans- 
port and thermodynamic properties; 
they correspond to T < Ty at B < By 
3 and 7 <T,, at B > By, where By is the 
critical field at T = 0. The orange re- 
gion describes non-Fermi liquid be- 
havior that is anchored by the QCP at 
B = By (7). The (T*) line delineates 
crossover behavior associated with the 
destruction of the Kondo effect (8). (C) 
The pressure-field phase diagram at 
the lowest measured temperature 
(T = 0.5 K) in CeRhins. The antifer- 
romagnetic order, denoted by MO, at 
ambient pressure gives way to super- 
conductivity, specified by SC, at higher 
pressures. At B = 0, the antiferromag- 
netic order goes away when the pres- 
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acteristic length scale, which increases on ap- 
proaching the critical point. At the critical point, 
the correlation length is infinite. Correspondingly, 
physical properties are invariant under a mathe- 
matical operation that dilates the lengths; in other 
words, they are scale-invariant. 

A straightforward generalization of the Lan- 
dau paradigm to QCPs gives rise to essentially 
the same theoretical description (26). Quantum 
mechanics introduces a “time” axis: Quantum 
states evolve in time. (For quantum systems in equi- 
librium, the relevant quantum evolution is along an 
imaginary time of length /i/kg7; where kg is the 
Boltzmann constant.) This introduces a time scale 


2.4 


that accompanies the divergent correlation-length 
scale. When the transition takes place at a finite 
temperature Ty, /i/kgTy serves as the upper 
bound of the correlation time, and the ultimate 
critical behavior is still determined by the fluc- 
tuations in space only. When 7y is driven to zero 
temperature, however, a divergent correlation 
time &, accompanies the divergent correlation 
length & and both must be taken into account 
even for equilibrium properties. Hence, the quan- 
tum critical fluctuations of the order parameter 
take place both in space and in time. The effective 
dimensionality of the fluctuations is d + z, where 
dis the spatial dimensionality, and z, the dynam- 


ic exponent defined in terms of the relationship 
&, & &, describes the number of effective spa- 
tial dimensions to which the time dimension 
corresponds. 

However, it has been appreciated that this 
Landau paradigm can break down for QCPs. Con- 
sider the effect of the Kondo-exchange coupling. 
In addition to destabilizing the magnetic order, 
the Kondo interaction also introduces quantum 
coherence between the local moments and con- 
duction electrons. Indeed, inside the paramag- 
netic phase a process called Kondo screening 
takes place, which leads to a qualitatively new 
ground state in which the local moments and 
conduction electrons are entangled. Just as a con- 
tinuous onset of magnetic order at zero temper- 
ature introduces quantum fluctuations of the 
magnetic order parameter, a critical onset of Kondo 
entanglement also yields its own quantum critical 
degrees of freedom. When that happens, a new 
type of QCP ensues. 


Kondo Effect and Heavy Fermions 


Historically, the Kondo screening effect was in- 
troduced for dilute magnetic impurities in metal- 
lic hosts (10). By the 1970s, the notion that the 
Kondo phenomenon operates in a dense periodic 
array of magnetic Ce ions in intermetallic com- 
pounds, such as CeAl, (27), was already in place. 
A characteristic scale, at which the Kondo screen- 
ing initially sets in, is the Kondo temperature Tx. 

The list of heavy-fermion materials is long, 
and they are typically compounds containing rare 
earths or actinides (including Yb, U, and Np, in 
addition to Ce) with partially filled 4f- or Sf 
orbitals. Their defining characteristic is that the 
effective mass of the charge carriers at the lowest 
accessible temperatures is hundreds of times the 
bare electron mass. 

Microscopically, heavy-fermion systems can 
be modeled as a lattice of localized f-electron mo- 
ments that are coupled to a band of conduction 
electrons. In the early 1980s, the description of the 
Kondo effect in the ground state of this Kondo 
lattice was formulated (0). The local moments 
lose their identity by forming a many-body spin 
singlet with all the conduction electrons, leading to 
an entangled state (Fig. 2A). The Kondo entan- 
glement in the ground state makes the local mo- 
ments, which are charge-neutral to begin with, 
acquire the quantum numbers of the conduction 
electrons, namely spin-/i/2 and charge-e. Corre- 
spondingly, “Kondo resonances” appear as charge 
carriers, and they remember their localized-moment 
origin by possessing a heavy mass. Because the 
Kondo resonances are part of the electronic- 
excitation spectrum, they must be accounted for in 
the Fermi surface, leading to the notion of a large 
Fermi surface (Fig. 2B)—the picture of a heavy 
Fermi liquid. 

The Kondo resonances can alternatively be 
thought of as the remnants of the original f-electrons. 
They are delocalized because the 4f- or 5f-wave 
function has a finite overlap with the ligand orbitals 
that form the conduction electrons. In other words, 
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hybridized. 


QCPs in Heavy Fermions 


Two types of OCPs. The Kondo singlet in the 
ground state of a heavy-fermion paramagnet rep- 
resents an organized macroscopic pattern of the 
quantum many-body system (Fig. 2A). It endows 
the paramagnetic phase at zero temperature with 
a quantum order. This characterization of the phase 
goes beyond the Landau framework. The Kondo- 
singlet state does not invoke any spontaneous 
breaking of symmetry because the spins can orient 
in arbitrary directions; no Landau order parameter 
can be associated to the Kondo effect. Two types 
of QCPs arise, depending on the behavior of the 
Kondo singlet as we approach the QCP from the 
paramagnetic side. 

When the Kondo singlet is still intact across 
the antiferromagnetic transition at zero temper- 
ature, the only critical degrees of freedom are the 
fluctuations of the magnetic order parameter. In 
this case, the antiferromagnetically ordered phase 
in the immediate proximity to the QCP can be 
described in terms of a spin-density-wave (SDW) 
order of the heavy quasiparticles of the para- 
magnetic phase. The QCP is referred to as of the 
SDW type, which is in the same class as that 
already considered by Hertz (26, 28-30). On the 
other hand, when the Kondo singlet exists only in 
the paramagnetic phase, the onset of magnetic 
order is accompanied by a breakdown of the 
Kondo effect. The quantum criticality incorpo- 
rates not only the slow fluctuations of the anti- 
ferromagnetic order parameter but also the emergent 
degrees of freedom associated with the breakup 
of the Kondo singlet. The corresponding transi- 
tion is referred to as locally critical (7, 78); the 
antiferromagnetic transition is accompanied by a 
localization of the f-electrons. 

This distinction of the two types of QCPs can 
also be made in terms of energetics. The key 
quantity to consider is the energy scale E*, which 
dictates the breakup of the entangled Kondo sin- 
glet state as the system moves from the heavy- 
Fermi-liquid side toward the quantum critical 
regime. A reduction of the E* scale upon ap- 
proaching the magnetic side is to be expected 
because the development of antiferromagnetic 
correlations among the local moments reduces 
the strength of the Kondo singlet (77-20). When 
E* remains finite at the antiferromagnetic QCP, 
the Kondo singlet is still formed, and the quan- 
tum criticality falls in the universality class of the 
SDW type. When the £* scale continuously goes 
to zero at the antiferromagnetic QCP, a critical 
Kondo breakdown accompanies the magnetic 
transition. The 7x scale, in which the Kondo 
screening initially sets in, is always nonzero near 
the QCP, even when E* approaches zero. 

The consequence of the Kondo breakdown 
for the change of the Fermi surface is illustrated 
in Fig. 2. When £* is finite, the Kondo-singlet 
ground state supports Kondo resonances, and the 
Fermi surface is large. When the E* scale be- 


comes zero, the ground state is no longer a 
Kondo singlet, and there are no fully developed 
Kondo resonances. Correspondingly, the Fermi 
surface is small, incorporating only the conduc- 
tion electrons. 

In the Kondo-screened paramagnetic phase 
(Fig. 2A), the large Fermi surface is where the 
heavy quasiparticles are located in the momentum 
space (Fig. 2B). As usual, such sharply defined 
Fermi surfaces occur below an effective Fermi 
temperature, Tp. Below this temperature, stan- 
dard Fermi-liquid properties—such as the inverse 
quasiparticle lifetime and the electrical resistivity 
being quadratically dependent on temperature— 
take place. 

In the Kondo-destroyed antiferromagnetic 
phase (Fig. 2C), there is no Kondo singlet in the 
ground state, and correspondingly, static Kondo 
screening is absent. Kondo screening still oper- 
ates dynamically, leading to an enhancement of 
the mass of the quasiparticles. The quasiparticles 
still have a Fermi-liquid form at low temper- 


Fig. 2. Kondo entanglement and its breakdown in heavy-fermion 
metals. (A) Kondo-singlet ground state in a paramagnetic phase, 
giving rise to a heavy Fermi liquid. The shapes with orange arrows 
indicate the mobile conduction electrons, and the thick black arrows 
indicate localized magnetic moments. The purple profile describes 
the Kondo singlet in the ground state. (B) The Kondo singlet in the 
ground state gives rise to Kondo resonances, which must be incor- 
porated into the Fermi volume. Correspondingly, the Fermi surface is 
large, with a volume that is proportional to 1 + x, where 1 and x, 
respectively, refer to the number of local moments and conduction 
electrons per unit cell. An SDW refers to an antiferromagnetic order 
that develops from a Fermi-surface instability of these quasiparticles. 
(©) Kondo breakdown in an antiferromagnetic phase. The local moments 
arrange into an antiferromagnetic order among themselves, and they do 
not form static Kondo singlets with the conduction electrons. (D) Kondo 
resonances do not form in the absence of static Kondo screening. 
Correspondingly, the Fermi surface is small, enclosing a volume in the 
paramagnetic Brillouin zone that is proportional to x. Dynamical Kondo 
screening, however, still operates, giving rise to an enhancement of the 


quasiparticle mass near the small Fermi surface. 
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atures. In contrast to the case of the Kondo- 
singlet ground state, these quasiparticles are 
adiabatically connected to the ordinary conduc- 
tion electrons and are located at the small Fermi 
surface (Fig. 2D). 

The large number of available compounds is 
a key advantage in the study of quantum critical 
heavy-fermion systems. At the same time, it raises 
an important question: Can we classify the quan- 
tum critical behavior observed in these heavy- 
fermion compounds? Below, we summarize the 
evidence for such a classification in the systems 
that have been most extensively studied in the 
present context. 

OCP of the SDW type. The phase diagram for 
CePd,Siy (Fig. 1A) (3) is reminiscent of theoret- 
ical discussions of unconventional superconduc- 
tivity near an SDW instability. Unfortunately, 
because of the high pressure necessary to access 
the QCP in this compound, it has not yet been 
possible to study either the order or the fluctua- 
tion spectrum near the QCP. CeCuzSty is an ideal 
system for such an investigation 
because, here, heavy-fermion su- 
perconductivity forms in the vi- 
cinity of an antiferromagnetic 
QCP at ambient/low pressure. 
Neutron diffractometry revealed 
the antiferromagnetically ordered 
state to be an incommensurate 
SDW with small ordered mo- 
ment (~0.1 Up/Ce) because of 
the nesting of the renormalized 
Fermi surface (3/). Inelastic 
neutron-scattering studies on 
paramagnetic CeCuSir have 
identified fluctuations close to 
the incommensurate ordering 
wave vector of the nearby SDW 
and have shown that such fluc- 
tuations play a dominant role in 
driving superconducting pairing 
(32), confirming earlier theoret- 
ical predictions. 

Another compound is 
CeNinGe2, for which the mag- 
netic instability may be achieved 
by slight volume expansion. The 
critical Griineisen ratio in this 
system diverges as T', which 
lends support for a nearby SDW 
QCP (4). 

There are also a few exam- 
ples of magnetic quantum phase 
transitions induced by alloy- 
ing that appear to fall in the 
category of the SDW QCP. In 
Ce,_,La,RuSh, for instance, re- 
cent inelastic neutron-scattering 
experiments have provided such 
evidence near its critical concen- 
tration x, = 0.075 (33). 

OCP. involving a Kondo 
breakdown. As shown in Fig. 
3A, inelastic neutron-scattering 
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experiments on the quantum critical material 
CeCus oAug revealed an energy over tempera- 
ture (E/T) scaling (34) of the dynamical suscep- 
tibility, with a fractional exponent (35). The same 
critical exponent is found to govern the magnetic 
susceptibility at wave vectors far away from the 
antiferromagnetic wave vector. These features are 
incompatible with the predictions of the SDW 
theory (26, 28-30) and have provided the initial 
motivation for the development of local quantum 
criticality (77). Because such a QCP involves a 
breakdown of the Kondo effect, it must be man- 
ifested in the charge carriers and their Fermi 
surfaces as well. 

Direct measurements of Fermi surfaces are 
typically done by using angle-resolved photoemis- 
sion spectroscopy (ARPES). In spite of impres- 
sive recent developments, ARPES still does not 
have the resolution to study heavy-fermion metals 
in the required sub-Kelvin low-temperature range. 
The other well-established means to probe Fermi 
surfaces is the de Haas—van Alphen (dHvA) tech- 
nique, which, however, requires a large magnetic 
field of several teslas. A rare opportunity arises in 
CeRhIns, in which a magnetic field of about 10 T is 
in fact needed to suppress superconductivity and 
expose a quantum phase transition (Fig. 1C). From 
dHvA measurements performed in the field range 
of 10 to 17 T, a pronounced jump in the Fermi 
surface was seen in CeRhIns at the critical pressure 
of 2.3 GPa (Fig. 3B) (36). This, together with the 
observation of a seemingly diverging cyclotron 
mass of the heavy charge carriers, is commonly 
considered as evidence for a Kondo-breakdown 
QCP (37). We caution that for CeRhIns, this issue 
remains to be fully settled; an alternative explana- 
tion that is based on a change of the valence state 
of the Ce ions has also been made (38). 

The heavy-fermion metal YbRh2Siy has pro- 
vided an opportunity to probe the electronic prop- 
erties near an antiferromagnetic QCP involving a 
breakdown of the Kondo effect. As mentioned 
earlier, the very weak antiferromagnetic order of 
YbRh,Sip 1s suppressed by a small magnetic field, 
giving way to non-Fermi liquid behavior (7). Fur- 
thermore, the magnetic field induces a substantial 
change of the isothermal Hall coefficient. The lat- 
ter has been shown to probe, at low temperatures, 
the properties of the Fermi surface (39). A new 
temperature scale, 7*(B), was identified in the 7—B 
phase diagram of YbRh»Sip (Fig. 1B); across this 
scale, the isothermal Hall coefficient exhibits a 
crossover as a function of the applied magnetic field 
(B). This crossover sharpens upon cooling. Extrap- 
olation to T = 0 suggests an abrupt change of the 
Fermi surface at the critical magnetic field By, the 
field where Ty approaches zero (39). Further evi- 
dence for the inferred change of Fermi surface has 
come from thermotransport measurements (40). 
Across the 7* line, the low-temperature thermo- 
power shows a sign change, suggesting an evo- 
lution between hole-like and electron-like Fermi 
surfaces, as illustrated in Fig. 2, B and D. 

Further thermodynamic and transport inves- 
tigations confirmed 7*(B) to be an intrinsic 
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Fig. 3. Quantum critical properties of CeCu,_,Au, 
and CeRhIns. (A) Quantum-dynamical E/T scaling 
of the inelastic neutron-scattering cross-section S 
in CeCus,9Aug,1. The measurements were performed 
at the antiferromagnetic wave vectors (where S is 
maximized), and the scaling collapse is constructed 
in the form of T“S as a function of E/T. The temper- 
ature and energy exponent is fractional: « = 0.75. 
The different symbols represent data taken in different 
spectrometers at the different peak wave vectors. 
(Inset) The inverse of the bulk magnetic suscepti- 
bility, 1/¢(q = 0) = H/M, and that of the static 
susceptibility at other wave vectors derived from the 
dynamical spin susceptibility through the Kramers- 
Kronig relation (35). (B) Several dHvA frequencies 
as a function of pressure in CeRhins. The applied 
magnetic field ranges between 10 T and 17 T. P; 
and Pz have the same meaning as in Fig. 1C. The 
symbols denote different branches of the Fermi 
surface (36). 


energy scale that vanishes at the antiferroman- 
getic QCP (Fig. 4A) (4/7). The 7* scale is distinct 
from the Fermi-liquid scale Tp,, below which a 
T” resistivity is observed (Fig. 4A). These prop- 
erties are naturally interpreted as signatures of a 
breakdown of the Kondo effect at the QCP, with 
the Fermi surface being large at B > By (Fig. 2, A 
and B) and being small at B < By (Fig. 2, C and 
D); T* refers then to the temperature scale ac- 
companying the Kondo-breakdown energy scale 
E* introduced earlier. Notably, the E* scale is 
distinct from the aforementioned Tx scale, which 
serves as the upper cut-off of the quantum-critical 
scaling regime and should therefore remain finite 
near the QCP. For instance, at the critical con- 
centration of CeCug_,.Au, Tx has been observed 
in photoemission spectroscopy to be nonzero (42), 
even though E* is expected to vanish. 

A recent thorough study of the Hall crossover 
on YbRh»Sj single crystals of substantially im- 
proved quality showed unequivocally that the 
width of the crossover at 7*(B) is strictly pro- 
portional to temperature (Fig. 4B) (43). This 
indicates that the E/T scaling also operates in this 
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compound. Furthermore, it provides evidence 
that the Kondo-breakdown effect indeed under- 
lies such quantum critical scaling (43). 


Global Phase Diagram 


The fact that in YbRh2Sip, the multiple lines de- 
fining the Kondo-breakdown scale 7*, the 
Fermi-liquid scale Tp,, and the Néel-temperature 
scale Ty all converge at the same magnetic field 
in the zero-temperature limit raises the question 
of what happens when some additional control 
parameter is varied. This global phase diagram 
has recently been explored by introducing chem- 
ical pressure to YbRh,Si, (8). The antiferromag- 
netic order is stabilized or weakened by means of 
volume compression or expansion, respectively 
(Fig. 4, C to E), in accordance with the well- 
established fact that pressure reinforces magnet- 
ism in Yb-based intermetallics. Unexpectedly 
however, the 7*(B) line is only weakly dependent 
on chemical pressure. Under volume compres- 
sion (3% Co-doping), the antiferromagnetic QCP 
occurs at a field substantially higher than B*, at 
which 7* — 0 (Fig. 4E). In this situation, 7* is 
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finite at the antiferromagnetic QCP. One there- 
fore expects that the SDW description will apply, 
and this is indeed observed (8). Under a small 
volume expansion (2.5% Ir-doping), By and B* 
continue to coincide within the experimental ac- 
curacy (Fig. 4D). With a large volume expansion 
(17% Ir-doping), on the other hand, By has 
vanished, but B* remains finite (Fig. 4C). This 
opens up a range of magnetic field in which not 
only any magnetic ordering is absent but also 
the Kondo-breakdown scale vanishes, suggest- 
ing a small Fermi surface. Hydrostatic-pressure 
experiments (44) on undoped YbRh2Sin give 
results comparable with those 


ing the parameter G boosts the inherent quantum 
fluctuations of the local-moment system and cor- 
respondingly weakens the magnetism. In the 
two-parameter global phase diagram of (22), 
each kind of transition appears as a line of critical 
points: One line is associated with local quantum 
criticality, with the breakdown of the Kondo 
effect occurring at the antiferromagnetic-ordering 
transition; the other one is associated with SDW 
quantum criticality, in which case the Kondo 
breakdown can only take place inside the anti- 
ferromagnetically ordered region. This is con- 
sistent with Fig. 4F, in which By and B* coincide 
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for a finite range of small Ir concentrations. The 
extension of this global phase diagram is cur- 
rently being pursued theoretically (2). When the 
quantum fluctuations among the local moments 
are even stronger, a possibility exists for a para- 
magnetic phase with a suppressed Kondo entan- 
glement and a concomitant small Fermi surface; 
this can be compared with the region highlighted 
by the question marks in Fig. 4F. This phase 
could be a spin liquid or could be an ordered state 
(such as a spin-Peierls phase) that preserves the 
spin-rotational invariance. Understanding the 
nature of the phase represents an intriguing 

problem worthy of further 
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coupling between the conduc- 
tion electrons and the local 
moments; increasing J enhan- 
ces the ability of the conduction 
electrons to screen the local 
moments and reduces the mag- 
netic order. The other param- 
eter, G, is associated with the 
interactions among the local 
moments and refers to, for in- 
stance, the degree of geometric 
frustration (45) or simply the 
dimensionality (17, 46); rais- 


Fig. 4. Quantum criticality and global phase diagram in pure and doped YbRh,Si9. (A) 
Multiple energy scales in pure YbRh2Siz. T* is extracted from isothermal crossovers in 
the Hall effect and thermodynamic properties, which is interpreted in terms of a Kondo 
breakdown. Tr, is the scale below which Fermi-liquid properties occur. Both crossover 
lines merge with the line that specifies the magnetic phase boundary Ty in the zero- 
temperature limit, at By (42). (B) Full width at half maximum (FWHM) of the crossover 
in the Hall coefficient of a high-quality single crystal (RRR = 120). It extrapolates to 
zero in the T = 0 limit, implying a jump of the Hall coefficient and other properties. It is 
proportional to temperature, suggesting a quantum-dynamical E/T scaling (43). (C to E) 
T*(B) and Ty(8) lines for Ir- and Co-doped YbRh,Siz, determined via AC susceptibility 
measurements (8). Data for the 7% Co-doped YbRh,Siz show an intersection of the two 
lines (8). (F) The T= 0 phase diagram, doping-concentration versus magnetic field, for 
Yb(Rhy_,M,)>Siz, M=Co,Ir (8). 


important thermodynamic char- 
acterization of the QCPs. 

Two types of QCPs have 
been developed for antiferro- 
magnetic heavy-fermion sys- 
tems. When a breakdown of 
the Kondo entanglement occurs 
inside the antiferromagnetically 
ordered phase, the QCP has the 
standard SDW form that con- 
forms to Landau’s paradigm of 
order-parameter fluctuations. 
When such a Kondo breakdown 
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happens at the onset of antiferromagnetism, a new 
class of QCP arises. Evidence for this local quantum 
criticality has come from the quantum-dynamical 
scaling and mass divergence in CeCug_,Au, and 
YbRh2Sb, the multiple energy scales observed 
in YbRh)Siy, and the jump of the Fermi surface 
in YbRh2Siy and CeRhIns. 

A strong case has been made that in CeCuySin, 
the critical fluctuations of a SDW QCP promote 
unconventional superconductivity. It is likely that 
the superconductivity in CePd2Siy has a similar 
origin. Whether the Kondo-breakdown local 
QCPs also favor superconductivity is less clear. 
CeRhIn; under pressure and B-YbAIB, could be 
examples in this category, although the nature of 
QCPs in these systems remains to be firmly 
established. 

More recent studies have focused attention, 
both experimentally and theoretically, on the glob- 
al phase diagram of antiferromagnetic heavy- 
fermion metals. Tantalizing evidence has emerged 
for a non-Fermi liquid phase without any mag- 
netic ordering and with suppressed Kondo entan- 
glement. Whether such a state can in fact arise 
within the Kondo-lattice model is an intriguing 
open theoretical question. In the process of ad- 
dressing such issues, it is becoming clear that quan- 
tum fluctuations in heavy-fermion systems can be 
tuned in more ways than one. Different phases and 
QCPs may arise when a magnetic disordering is 
induced by the Kondo coupling between the local 
moments and conduction electrons or when it is 
caused by reduced dimensionality and/or magnetic 
frustration. 

Theoretically, an important notion that has 
emerged from studies in heavy-fermion systems 
is that quantum criticality can go beyond the 
Landau paradigm of fluctuations in an order pa- 
rameter associated with a spontaneous symmetry 
breaking. This notion has affected the develop- 
ments on quantum criticality in other systems, 
including insulating magnets. More generally, 
quantum criticality in heavy-fermion metals epit- 
omizes the richness and complexity of continu- 
ous quantum phase transitions as compared with 
their classical counterparts. New theoretical meth- 
ods are needed to study strongly coupled quantum 
critical systems. One promising new route is pro- 
vided by an approach that is based on quantum 
gravity (49). Using a charged black hole in a 
weakly curved space-time to model a finite density 
of electrons, this approach has provided a tantaliz- 
ing symmetry reason for some fermionic spectral 
quantities to display an anomalous frequency 


dependence when its momentum dependence is 
smooth. Whether a related symmetry principle 
underlies the dynamical scaling of the spin re- 
sponse at the Kondo-breakdown local quantum 
criticality is an intriguing issue for future studies. 
The insights gained from these studies on the 
well-defined QCPs in various heavy-fermion metals 
have implications for other members of this class 
of materials as well as for other classes of strongly 
correlated electronic systems. For example, an out- 
standing issue is the nature of the hidden-order 
phase in the heavy-fermion compound URu»Siy 
(50, 51). This phase is in proximity to some low- 
temperature magnetically ordered phases, raising 
the question of the role of quantum phase transi- 
tions in this exciting system. In the cuprates, Fermi- 
surface evolution as a function of doping has also 
been playing a prominent role in recent years. In 
light of the discussions on the possible role of 
doping-induced QCPs, it appears likely that some 
of the physics discussed for heavy-fermion quan- 
tum criticality also comes into play in the cup- 
rates (52). For the iron pnictides, the magnetic/ 
superconducting phase diagram has also been 
observed to show a striking resemblance to Fig. 
1A. The interplay between magnetic quantum criti- 
cality, electronic localization, and unconventional 
superconductivity, which has featured so promi- 
nently in the systems considered here, is probably 
pertinent to heavy-fermion metals in general as well 
as other classes of correlated-electron materials, in- 
cluding the iron pnictides and organic charge- 
transfer salts. Quantum phase transitions are also 
being discussed in broader settings, such as ultra- 
cold atomic gases and quark matter. It is con- 
ceivable that issues related to our discussion here 
will come into play in those systems as well. 
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Chlorine Isotope Fractionation 


in the Stratosphere 


J. C. Laube,** J. Kaiser,” W. T. Sturges,’ H. Bonisch,* A. Engel? 


he isotopic compositions of only a few 
| stratospheric gases have been investigated 
to date (7, 2). One known effect is the 
relative enrichment of heavier isotopologues 
(isotopically distinct species of a compound) 
for gases that are destroyed in the stratosphere 
(2). Such isotope effects are often characteristic 
for specific reactions and can help improve our 
understanding of the transport and reaction path- 
ways of gases in this climate-sensitive atmospher- 
ic region (3-6). For example, position-dependent 
nitrogen isotope fractionation in nitrous oxide is 
different for photolysis and photooxidation of 
N20 by O'D (4). Similarly, the strong isotope effect 
in the reaction of chlorine radicals with methane 
leaves a “fingerprint” of stratospheric chemistry 
in the reaction product carbon monoxide (7). 
Here, we present chlorine isotope ratio mea- 
surements of CF,Cl, in air samples collected in 
2005 and 2008 on board balloons flying in the 
tropical stratosphere. CF>Cl, is the most abundant 
chlorofluorocarbon (CFC) in the atmosphere and 
commonly known as CFC-12. It is a key anthro- 
pogenic greenhouse gas with an atmospheric life- 
time of about 100 years (8) and plays a major 
role in stratospheric ozone depletion (9). A recent 
reanalysis of the retrieved trace gas data (10, 11) 
revealed that the isotopic composition of chlorine 
in CF,Cl, changes with altitude. Chlorine has two 
stable isotopes, 37C] and *Cl, which occur in a 
ratio of about 24.24:75.76 (12, 13). Here, the iso- 
topic composition is given as the relative °’Cl°Cl 
isotope ratio difference, 5C 7Cl), between the sample 
and tropospheric air, We observed &(’Cl) values 
up to 27 per mil (%o) + 4%o (SE) in the strato- 
spheric air samples (Fig. 1), almost double the total 
previously reported range of 16%o for 8(@7Cl) in 
naturally occurring samples of any form (/3—/7). 
Furthermore, our data show that stratospheric 


3@’Cl) values increase with altitude, which is 
probably most due to the faster decomposition of 
CF,*°Ch relative to CF>*’CP°Cl and CF,*’Cl by 
photolysis and by reaction with O'D. 

If such irreversible sinks with a constant iso- 
topic fractionation were the causing process, 
the 8(°’Cl) values should follow a Rayleigh-type 
fractionation with a linear correlation of the form 
In[1 + &C7CD] * eapplnsampie/Yenty) (4), where 
Ysampte/Ventry 8 the ratio of stratospheric to tropo- 
spheric mixing ratios and €,,, is the apparent 
isotopic fractionation in the stratosphere. We ob- 
served a tight correlation with €,,, = —12.1%0 + 
1.7%o. The apparent isotope fractionation observed 
in the stratosphere is expected to be lower than 
that caused by the fractionating reaction because 
of slow stratospheric transport and mixing (4). On 
the basis of NO, which shares the same sinks as 
CF,Clh and has a similar lifetime of 120 years, the 
magnitude of the intrinsic photochemical frac- 
tionation could be twice as large as Epp, that is, 
<24%bo. Predictions from simple zero-point energy 
theory calculations give only about —6 to —8%o (8) 
for photolytic isotope fractionation. More advanced 
theories are needed to quantitatively explain the 
observed effects but have only been developed for 
molecules with three atoms or fewer (/9-2/). 

Moreover, the instruments used here (/8) are 
not typical for carrying out isotope ratio studies. 
Their successful application overcomes the insuf- 
ficient sensitivity of conventional isotope ratio 
mass spectrometers for very low (parts per trillion, 
10 |?) abundances of trace gases and the difficulty 
of obtaining large stratospheric samples. Many 
important greenhouse and ozone-depleting gases 
contain chlorine and should show similar enrich- 
ment. This could enable the quantification of the 
relative magnitudes of their stratospheric sinks. For 
CF2Cl, laboratory experiments suggest that be- 

tween 93 and 97% is de- 
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Fig. 1. (A) 5°”C0), the relative ?”CU>°Cl ratio difference between CF>Cl, in substances. A subsequent 
the stratosphere and the troposphere (average 10 standard deviation of reduction in the uncertain- 
samples: + 2.3%) and (B) the corresponding mixing ratios of CF2Clz (all ties of their atmospheric 
1o standard deviations less than size of the symbols). lifetimes [ranging from 79 


to 113 years for CFCl, (9)] would then lead to 
improvements in ozone recovery predictions. In 
addition, the explored measurement capabilities 
to detect chlorine isotope effects might help iden- 
tifying and quantifying remaining sources of CFCs 
via their individual signatures. Lastly, chlorine iso- 
tope measurements could help unravel the human 
contribution to compounds that have both natural 
and anthropogenic sources, such as methyl chloride. 
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Effectiveness and Safety of Tenofovir Gel, 
an Antiretroviral Microbicide, for the 
Prevention of HIV Infection in Women 


Quarraisha Abdool Karim,”**t Salim S. Abdool Karim,”* Janet A. Frohlich,” Anneke C. Grobler,” 
Cheryl Baxter,’ Leila E. Mansoor,’ Ayesha B. M. Kharsany,” Sengeziwe Sibeko,* Koleka P. Mlisana,* 
Zaheen Omar,” Tanuja N. Gengiah,” Silvia Maarschalk,* Natasha Arulappan,* Mukelisiwe Mlotshwa,* 
Lynn Morris,* Douglas Taylor,> on behalf of the CAPRISA 004 Trial Groupt 


The Centre for the AIDS Program of Research in South Africa (CAPRISA) 004 trial assessed the 
effectiveness and safety of a 1% vaginal gel formulation of tenofovir, a nucleotide reverse transcriptase 
inhibitor, for the prevention of HIV acquisition in women. A double-blind, randomized controlled trial 
was conducted comparing tenofovir gel (n = 445 women) with placebo gel (n = 444 women) in sexually 
active, HIV-uninfected 18- to 40-year-old women in urban and rural KwaZulu-Natal, South Africa. 

HIV serostatus, safety, sexual behavior, and gel and condom use were assessed at monthly follow-up visits 
for 30 months. HIV incidence in the tenofovir gel arm was 5.6 per 100 women-years (person time of 
study observation) (38 out of 680.6 women-years) compared with 9.1 per 100 women-years (60 out of 
660.7 women-years) in the placebo gel arm (incidence rate ratio = 0.61; P = 0.017). In high adherers 
(gel adherence > 80%), HIV incidence was 54% lower (P = 0.025) in the tenofovir gel arm. In 
intermediate adherers (gel adherence 50 to 80%) and low adherers (gel adherence < 50%), the HIV 
incidence reduction was 38 and 28%, respectively. Tenofovir gel reduced HIV acquisition by an 
estimated 39% overall, and by 54% in women with high gel adherence. No increase in the overall 
adverse event rates was observed. There were no changes in viral load and no tenofovir resistance in HIV 
seroconverters. Tenofovir gel could potentially fill an important HIV prevention gap, especially for 
women unable to successfully negotiate mutual monogamy or condom use. 


omen are disproportionately affected 

\ N / by the Acquired Immunodeficiency 
Syndrome (AIDS) epidemic in Africa, 

the region that accounts for 70% of global burden 
of Human Immunodeficiency Virus (HIV) infec- 
tion (7). Current HIV prevention behavioral mes- 
sages on abstinence, faithfulness, and condom 
promotion have had limited impact on HIV inci- 
dence rates in women, especially in sub-Saharan 
Africa, where young women bear the greatest 
HIV burden (2). The search for new technologies 
to prevent sexually transmitted HIV infection 
over the past three decades has had limited suc- 
cess. Only five of 37 randomized controlled trials, 
which tested 39 HIV prevention strategies, have 
demonstrated protection against sexual transmis- 
sion of HIV infection (3). The successful trials 
tested medical male circumcision in South Africa 
(4), Kenya (5), and Uganda (6) (combined effec- 
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tiveness in reducing HIV acquisition was 57%), 
sexually transmitted infection (STI) treatment in 
Tanzania (effectiveness in reducing HIV acquisi- 
tion was 42%) (7), and a HIV vaccine combina- 
tion in Thailand (effectiveness in reducing HIV 
acquisition was 31%) (8). Hence, HIV prevention 
technologies that women can use and control 
remain a pressing priority (9). 

Microbicides are products that can be applied 
to the vagina or rectum with the intention of re- 
ducing the acquisition of STIs, including HIV. 
An effective microbicide has the potential to alter 
the trajectory of the global HIV pandemic (/0). 
Over the last 20 years of microbicide research, 
none of the 11 effectiveness trials of six candidate 
products have demonstrated meaningful protec- 
tion against HIV infection (//). 

Tenofovir, an adenosine nucleotide analog 
with potent activity against retroviruses (/2), was 
initially developed and tested as a prophylactic in 
monkeys and was subsequently formulated for 
oral use as tenofovir disoproxil fumarate (Viread), 
which is now widely used for HIV treatment. 
Tenofovir’s efficacy in suppressing viral repli- 
cation, favorable safety profile, and long half-life 
(J3) made it an ideal choice as the first anti- 
retroviral drug to be formulated as a microbicide 
gel. In vitro and in vivo assessments of the 1% 
concentration of tenofovir in a gel formulation 
have demonstrated its potential as a microbicide 
(73). Tenofovir has shown efficacy against viral 


challenge in animal models when administered 
as pre- or post-exposure prophylaxis (/4, /5). In 
monkey challenge studies, tenofovir gel has shown 
protection with intermittent dosing and with a 
single pre-exposure dose (/6). In early-stage clin- 
ical trials, tenofovir gel was well tolerated in both 
HIV-negative and HIV-positive women (/7), with 
both daily and coitally related use of the gel being 
found to be acceptable and safe (/8). 

The purpose of this study was to assess the 
effectiveness and safety of tenofovir gel for the 
prevention of HIV infection in women. 

Study design and population. Centre for 
the AIDS Program of Research in South Africa 
(CAPRISA) 004, a two-arm, double-blind, ran- 
domized, placebo-controlled trial, was conducted 
from May 2007 to March 2010. Women were 
enrolled at an urban and a rural clinic in KwaZulu- 
Natal, South Africa, but the study was not designed 
to assess the effectiveness of tenofovir in each clin- 
ic separately. Urban women were enrolled at the 
CAPRISA eThekwini Research Clinic, which is 
adjacent to an STI clinic located in the Durban 
city center. Rural women were enrolled at the 
CAPRISA Vulindlela Research Clinic adjacent to 
a comprehensive primary health care clinic in 
Vulindlela, which is a rural community of ap- 
proximately 90,000 people and about 150 km 
northwest of Durban. Before the CAPRISA 004 
trial, feasibility studies were conducted in order 
to assess HIV incidence and sexual behavior at 
both sites. Extrapolated HIV incidence rates from 
prevalence studies in the urban (/9) and rural (20) 
sites were 15.6 and 11.2%, respectively. Reported 
anal sex rates were substantially lower at these 
two sites than we had observed in previous mi- 
crobicide trials (2/) in female sex workers in this 
region. Data from these feasibility studies were 
used as the basis for selecting these sites for the 
trial, as well as for the design and sample size 
calculations for the CAPRISA 004 trial. 

HIV-negative women, from 18 to 40 years 
old, who were sexually active (defined as having 
engaged in vaginal sex at least twice in the 30 
days before screening), not pregnant, and using a 
nonbarrier form of contraceptive were eligible for 
enrollment. Participants who had a history of ad- 
verse reactions to latex, planned to either travel 
away from the study site for more than 30 con- 
secutive days, relocate away from the study site, 
become pregnant, or enroll in any other behav- 
ioral or investigational product study were ex- 
cluded. Participants who had a creatinine clearance 
of <50 ml/min (22), had evidence of genital deep 
epithelial disruption, had in the past year par- 
ticipated in any research related to any vaginally 
applied product or products, or had an untreated 
STI or reproductive tract infection were also ex- 
cluded. Women who met eligibility criteria and 
demonstrated adequate understanding of the trial 
(through a comprehension checklist) were en- 
rolled after providing written informed consent. 
From May 2007 to January 2009, 2160 women 
were screened and 1085 were enrolled, of whom 
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889 were included in the analysis (Fig. 1). 
Further information on the enrollment process 
and exclusions can be found in (23). 

Enrolled women were randomly assigned in 
equal proportions to one of two study arms: 
tenofovir gel or placebo gel. Tenofovir gel com- 
prised 40 mg of 9-[(R)-2-phosphonomethoxy) 
propylladenine monohydrate (PMPA) in a solu- 
tion of purified water with edetate disodium, cit- 
ric acid, glycerin, methylparaben, propylparaben, 
and hydroxyethycellulose (HEC). The placebo 
gel was the “universal” HEC placebo gel, which 
has been shown to have minimal anti-HIV ac- 
tivity (24). Tenofovir and placebo gels appeared 
identical and were dispensed in the same pre- 
filled vaginal applicators with identical packaging. 

A coitally related dosing strategy was selected 
to achieve high adherence on the basis of in-depth 
consultations with the communities involved. Sex- 
ual behavior data showed that women in the key 
study population had infrequent high-risk sex with 
migrant partners. Monkey challenge data and peri- 
natal transmission studies informed the timing 


of doses in relation to sex. The “before and after” 
sex doses were modeled on the timing of nevirapine 
in its proven strategy for preventing mother-to- 
child HIV transmission (25). Women were re- 
quested to insert one dose of gel within 12 hours 
before sex and a second dose of gel as soon as 
possible within 12 hours after sex and no more 
than two doses of gel in a 24-hour period. Hence, 
the dosing strategy is referred to as “BAT24.” 
The latter restriction was imposed because of the 
lack of human safety data on more than two doses 
of gel per day. 

Gel adherence was defined as the estimated 
proportion of reported sex acts covered by two 
gel doses and calculated for each woman by di- 
viding half the number of returned used applica- 
tors each month by the number of reported sex 
acts that month. Applicators that were not returned 
were regarded as unused for the purposes of cal- 
culating adherence. When we conducted a sensi- 
tivity analysis treating unreturned applicators as 
used, the results did not change materially. The 
median of each woman’s monthly adherence es- 
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1085 enrolled and randomized 


1075 were not enrolled 

+536 were HIV positive 

*142 did not returntimeously 

*132 did not meet criteria for ‘sexually active’ 
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* 37 were participatingin other research 
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*24 allergicto latex 
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* 2 withdrawn forsharing 
study product 

* 2* withdrawn for co- 


enrolling in another 
microbicide trial after 
enrollmentin CAPRISA 
004 

* 1 relocated 
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Fig. 1. Screening, enrollment, randomization, and follow-up of the study participants. 
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timates was assigned as her overall gel adherence. 
This approach assumed that every reported sex 
act used two doses of gel. Although this assump- 
tion was not always applicable, adjusting for mul- 
tiple sex acts within 24 hours made no material 
difference. 

At enrollment and monthly follow-up visits, 
participants were provided with comprehensive 
HIV prevention services (HIV pre- and post-test 
counseling, HIV risk reduction counseling, con- 
doms, and STI treatment), reproductive health 
services, and assigned study gel. 

Participants were requested to return their 
used (from October 2007 onward) and unused 
applicators at every visit. Each month, the ap- 
plicators returned by women as used and unused 
were counted, reconciled against the number dis- 
pensed, and thereafter discarded, in accordance 
with standard requirements for medical waste. 

A comprehensive adherence support program 
assisted participants with the mechanics of appli- 
cator use, timing and dosing, avoidance of gel 
sharing, and incorporation of gel use into their 
daily routines. From October 2008, individualized 
motivational interviewing (26, 27) was introduced 
to assist participants so as to overcome obstacles 
to gel use and set goals for optimal adherence in 
the upcoming month. This included individualized 
adherence support and counseling, customized on 
the previous month’s experience of gel use, which 
was provided throughout the study. The women 
in this study were specifically and repeatedly 
counseled to only use the gel vaginally, and the 
lack of safety with rectal use was highlighted. 

Each participant had monthly HIV and urine 
pregnancy testing [Quick Vue One-Step hCG Urine 
Test (Quidel Corporation, San Diego, California)] 
performed before gel was dispensed. Because of 
a lack of pregnancy safety data, gel use was tem- 
porarily discontinued after a positive pregnancy 
test and resumed when the pregnancy test returned 
to negative. Self-reported data on gel use and sex- 
ual frequency during the last 30 days were col- 
lected at monthly visits, together with gel and 
condom use on the day of the last sex act, by means 
of a brief interviewer-administered questionnaire. 
Two months after study exit, participants attended 
a posttrial visit to assess HIV status and safety 
after product withdrawal. 

Drug safety was assessed at every study visit 
by evaluating, grading, and recording adverse 
events experienced by participants. Participants 
underwent quarterly pelvic examinations and, if 
needed, colposcopy. Serology was performed for 
hepatitis B virus [Abbott Architect C8200 (Abbott 
Laboratories, Detroit, Michigan)] and herpes sim- 
plex type 2 virus [Kalon Enzyme Immunoassay 
(Kalon Biologicals, Ashgate, UK)]. Hematological, 
hepatic, and renal abnormalities were assessed at 
study months 3, 12, and 24; additionally when clin- 
ically indicated; and at study exit. Adverse events 
were graded for severity via the Division of AIDS 
Table for Grading Adult and Pediatric Adverse 
Events, 2004. Product use was temporarily discon- 
tinued for an adverse event at the discretion of the 
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study clinician. The trial (NCT00441298) was ap- 
proved by the University of KwaZulu-Natal’s Bio- 
medical Research Ethics Committee (E111/06), 
Family Health International (FHI)’s Protection of 
Human Subjects Committee (9946), and the South 
African Medicines Control Council (20060835). 

HIV, viral load, and genotypic resistance 
assays. Two HIV rapid tests, Determine HIV 1/2 
(Abbott Laboratories, Chicago, Illinois) and Uni- 
Gold Recombigen® HIV test (Trinity Biotech, 
Wicklow, Ireland), were performed at each study 
visit. Participants with concordantly positive, dis- 
cordant, or indeterminate results were assessed for 
possible seroconversion by means of two sepa- 
rate RNA polymerase chain reaction (PCR) [Roche 
Cobas TaqMan HIV-1 Monitor v1.0 (Roche Diag- 
nostics, Branchburg, New Jersey)] assays, about 
1 week apart. When HIV seroconversion was es- 
tablished, product use was discontinued, and wom- 
en were referred to local AIDS treatment services, 
including the CAPRISA AIDS Treatment Pro- 
gram, which provides free antiretroviral therapy. 
Stored plasma, available from prior study visits 
by each seroconverter, was tested by means of 
RNA PCR so as to identify the window period for 
HIV infection (RNA PCR-positive but rapid HIV 
test-negative) at prior visits. By protocol, only eli- 
gibly enrolled women with HIV infection during 
study follow-up, as confirmed by two independent 
RNA PCR results, were defined as HIV endpoints. 
Participants in the HIV window period at study 
exit were included as HIV endpoints if seroposi- 


tivity was confirmed after the study. Thus, HIV 
infections were categorized as follows: (i) HIV end- 
points, (ii) HIV infections not meeting the pro- 
tocol definition for an HIV endpoint (did not have 
the two independent RNA PCR tests), (iii) window 
period HIV infections at enrollment (infected be- 
fore study entry), (iv) posttrial HIV infections (in- 
fected after study exit), and (v) HIV infections among 
women who were enrolled and later found to be 
ineligible (23). 

Tenofovir resistance testing and Western Blot 
[Genetics systems HIV-1 Western Blot kit (Bio-Rad 
Laboratories, Hercules, California)] were performed 
at the post-seroconversion visit. The HIV-1 pol 
gene was population sequenced by means of a cer- 
tified (28) in-house assay. Viral RNA was extracted, 
and a 1.7-kb fragment spanning the po/ gene was 
amplified by means of nested PCR with the Ex- 
pand Long Template PCR System (Roche Diag- 
nostics), as described previously (28). PCR products 
were sequenced (codons | to 99 of protease and 
codons | to 350 of reverse transcriptase) by using a 
BigDye Terminator v3.1 cycle sequencing kit and an 
ABI 3130XL DNA sequencer (Applied Biosys- 
tems, Foster City, California). Consensus sequences 
were aligned and manually edited by using the Se- 
quencher version 4.5 program (GeneCodes, Ann 
Arbor, Michigan) and submitted to the Stanford 
University HIV Drug Resistance Database (http:// 
hivdb.stanford.edu) to identify mutations. 

Statistical analyses. In this endpoint-driven 
trial, participants were followed until 92 HIV 


infections were observed, providing 90% power 
to detect a 50% effect (two-sided o = 0.05). Orig- 
inally, the study was designed with 80% power. 
Before their first data review, the Data Safety and 
Monitoring Board (DSMB) ratified a change to 
90% power adjusted for two preplanned interim 
reviews, with stringent stopping guidelines. 

Upon enrollment, a participant was assigned a 
sequential identification number, which corre- 
sponded to a unique envelope (accessible only to 
each study site pharmacist) that allocated her 
randomly, by using permuted block random- 
ization of sizes 12 and 18, with no stratification, to 
one of six codes. The three codes assigned ran- 
domly to each of tenofovir and placebo gels were 
held in confidence by the product manufacturer 
and independent DSMB statistician. 

The primary intent-to-treat analysis was based 
on a log-rank test, stratified by site. Duration of 
time on study was calculated from randomization 
to estimated date of HIV infection or date of 
withdrawal, whichever occurred first. A Poisson 
distribution was assumed for confidence intervals 
(CIs) of incidence rates and incidence rate ratios 
(IRRs). Fisher’s exact test and the unpaired ¢ test/ 
Wilcoxon two-sample test were performed where 
appropriate. Proportional hazards regression models 
were used to calculate hazard ratios while adjust- 
ing for potentially important covariates. All reported 
P values are two-sided, and all CIs are 95%. The 
statistical analysis was performed using SAS (SAS 
Institute, Cary, North Carolina) version 9.1.3. 


Table 1. Baseline demographic characteristics, sexual history, and contraceptive use by study participants in the CAPRISA 004 tenofovir gel trial. 


Site Study arms 
Rural Urban Tenofovir Placebo 
(n = 611 (n = 278 P value (n = 445 (n = 444 P value 
women) women) women) women) 
Demographic characteristics 
Mean age (years) 23.3 25.1 <0.001 24.2 23.6 0.131 
a alia 86.1% 69.1% <0.001 81.1% 80.4% 0.799 
South African rand 
Married 6.5% 3.6% 0.085 5.8% 5.4% 0.884 
Stable partner 77.0% 93.1% <0.001 87.6% 88.5% 0.756 
Sexual behavior 
Mean age sexual debut 17.3 17.7 0.014 17.4 17.4 0.782 
Mean umber sexual Pannets a 6.0 <0.001 3.0 36 0.780 
(lifetime) 
Mednrade ch Ollest:palmet 26.4 29.6 <0.001 27.7 214 0.299 
(past 30 days) 
gs all ae 58.9% 68.3% 0.007 63.6% 60.1% 0.301 
Always use condom during sex 22.9% 42.8% <0.001 28.8% 29.5% 0.825 
New partner (past 30 days) 0.5% 2.5% 0.014 1.3% 0.9% 0.753 
Anal sex (past 30 days) 0.5% 0.4% 1.000 0.4% 0.5% 1.000 
HSV-2 prevalence 47.6% 59.6% 0.001 53.5% 49.2% 0.202 
Contraception 
Injectable 83.1 79.9 0.606* 80.7% 83.6% 0.288* 
Oral 14.6 17.6 16.4% 14.6% 
Tubal ligation 2.1 2.5 2.9% 1.6% 
Hysterectomy 0.2 0.0 0 0.2% 


*P value applicable to comparison for all forms of contraception. 
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Results. A total of 611 rural and 278 urban 
women met eligibility criteria, were enrolled, and 
followed up, for a total of 1341 women-years 
(mean = 18 months) and an overall study re- 


0.20 + 
0.18 4 
0.16 4 
0.14 4 
0.12 4 
0.10 
0.08 
0.06 
0.04 


Probability of Infection 


0.02 
0.00 


tention rate of 94.8%. Rural women were young- 
er and poorer, with fewer lifetime sexual partners, 
and had lower sexual frequency and lower con- 
dom use (Table 1). At enrollment, there were no 


Placebo 


I 


P=0.017 


Tenofovir 


Months of follow-up 


Cumulative HIV endpoints [ Si 


Cumulative women-years 432 


HIV incidence rates 


; 6.0vs11.2 | 5.2vs10.5 | 5.3vs 10.2 5.6vs 10.2 5.6 vs 9.1 
(Tenofovir vs Placebo) 
Effectiveness 4T% 50% 47% 40% 39% 
(P-value) (0.064) (0.007) (0.004) (0.013) (0.017) 


Fig. 2. Kaplan-Meier estimates of cumulative probability of HIV infection in the tenofovir and placebo gel 
arms. The table provides the cumulative number of HIV endpoints, corresponding HIV incidence rates, and 


effectiveness of tenofovir gel for each additional 6 months of follow-up. 
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significant differences in the demographic char- 
acteristics and sexual behavior of women in the 
tenofovir (1 = 445 women) and placebo (n = 444 
women) gel arms (Table 1). 

HIV incidence and effectiveness. The teno- 
fovir and placebo gel arms had 38 and 60 HIV 
endpoints, respectively. The HIV incidence rate 
in the tenofovir gel arm was 5.6 per 100 women- 
years (CI, 4.0 and 7.7) compared with 9.1 per 100 
women-years (CI, 6.9 and 11.7) in the placebo gel 
arm (IRR = 0.61; CL, 0.40 and 0.94; P = 0.017). 

HIV infection trends (Fig. 2) show that the 
tenofovir gel effect was evident soon after initia- 
tion of gel use. The steadily declining HIV inci- 
dence rates in placebo gel arm were 11.2, 10.5, 
10.2, 9.4, and 9.1 per 100 women-years after 
follow-up for 6, 12, 18, 24, and 30 months, re- 
spectively (Fig. 2). In contrast, the HIV inci- 
dence rate in the tenofovir gel arm remained in 
anatrow range between 5.2 and 6.0 per 100 women- 
years during the study. The HIV incidence rate 
in the tenofovir gel arm, when compared with 
the placebo gel arm, was 50% (P= 0.007) lower 
after 12 months of follow-up and 40% (P= 0.013) 
lower after 24 months of follow-up (Fig. 2). 

After adjusting for baseline covariates includ- 
ing, age, site, anal sex history, contraceptive method, 
HSV-2 antibody status, and condom use, the hazard 
ratio was 0.63 (CI, 0.42 and 0.94; P= 0.025). All 98 


Table 2. Impact of adherence and non-endpoint HIV infections on the effectiveness of tenofovir gel in HIV prevention in the CAPRISA 004 tenofovir gel trial. 


No. of HIV 
infections/women HIV incidence 
years N 
ecnptouie: Placebo Tenofovir gel Placebo gel Incidence P 
(95% Cl) (95% Cl) rate ratio Effectiveness 95% CI value 
Overall effectiveness of tenofovir gel 
HIV endpoints 38/680.6 60/660.7 889 5.6 (4.0, 7.7) 9.1 (6.9, 11.7) 0.61 39% 6,60 0.017 
Site-specific effectiveness 
Rural 25/484.7 42/461.2 611 5.2 (3.3, 7.6) 9.1 (6.6, 12.3) 0.57 43% 5,67 0.023 
Urban 13/195.9 18/199.5 278 6.6 (3.5, 11.3) 9.0 (5.3, 14.3) 0.74 26% -59,67 0.380 
HIV endpoints by levels of adherence* 
High adherers 11/259.2 25/269.4 336 4.2 (2.1, 7.6) 9.3 (6.0, 13.7) 0.46 54% 4,80 0.025 
(>80% gel adherence) 
Intermediate adherers 10/159.8 10/99.7. 181 6.3 (3.0, 11.5) 10.0 (4.8, 18.4) 0.62 38% -67,77 0.343 
(50-80% adherence) 
Low adherers 16/258.5 25/290.6 367 6.2 (3.5, 10.1) 8.6 (5.6, 12.7) 0.72 28% -40, 64 0.303 
(<50% gel adherence) 
Sensitivity analyses 
HIV endpoints plus 
HIV infection not meeting 39/680.6 60/660.7 889 5.7 (4.1, 7.8) 9.1 (6.9, 11.7) 0.63 37% 4,59 0.023 
protocol definition 
HIV endpoints 40/720.1 63/698.6 1075 5.6 (4.0, 7.6) 9.0 (6.9, 11.5) 0.62 38% 7,60 0.015 
plus ineligibly enrolled 
HIV endpoints plus women 39/680.6 64/660.7 889 5.7 (4.1, 7.8) 9.7 (7.5, 12.4) 0.59 41% 11,61 0.015 
with post-trial infection 
Per protocol analysist 32/589.2 53/575.4 889 5.4 (3.7, 7.7) 9.2 (6.9, 12.0) 0.59 41% 7,63 0.017 
All HIV infections 43/720.1 76/698.8 1085 6.0 (4.3, 8.0) 10.9 (8.6, 13.6) 0.55 45% 19, 63 0.003 
Adjusted analysis§ 38 60 889 Hazard ratio = 0.63 37% 6,58 0.025 
*Adherence could not be calculated for the five women who reported no sex during their follow-up in the study. +Excludes all visits after 3 month’s interruption of drug supply. +All HIV 


infections = protocol-defined HIV endpoints (n = 98 women) + HIV infection not meeting protocol definition (n = 1 woman who did not have 2 RNA PCR results) + HIV infections among 
ineligibly enrolled women (n = 5 women) + posttrial HIV infections (n = 5 women) + window period HIV infections in eligible women (n = 8 women) + window period HIV infections in 


ineligibly enrolled women (n = 2 women). 


§Adjusted for the following baseline covariates: age, site, parity, number of sexual partners (past 30 days), presence of STI, anal sex, 


contraceptive method, HSV-2 antibody status, and condom use; HSV-2 status is indeterminate in four women and missing in five women. 
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HIV endpoints were Westen Blot-positive. One 
additional HIV infection did not meet the protocol 
endpoint requirement of two independent RNA 
PCR results. There were five HIV infections among 
ineligibly enrolled women, 10 window-period HIV 
infections (two among ineligibly enrolled wom- 
en), and five posttrial HIV infections. Sensitivity 
analyses (Table 2), which include these addition- 
al HIV infections, do not differ appreciably from 
the overall 39% level of effectiveness. 

Gel adherence and sexual behavior. Over 
the entire duration of the study, 181,340 applicators 
were dispensed, and 95.2% of these were returned. 
Each month, study participants returned an aver- 
age of 6.0 used applicators and reported a mean 
of 5.0 sex acts. Coital frequency, gel adherence, 
and condom use during the trial were similar in 
the tenofovir and placebo gel arms. Gel accept- 
ability was high; 97.4% of the study participants 
found the gel to be acceptable, and 97.9% indi- 
cated that they would use it if it prevented HIV. 

Five women reported having no sex during 
follow-up in the study. Adherence estimates based 
on applicator returns for the remaining 884 wom- 
en indicate that, on average, 72.2% (median = 
60.2%) of self-reported sex acts in the last 30 
days were covered by two doses of gel. In the 336 
high gel adherers, HIV incidence was 54% lower 
(IRR = 0.46; CI, 0.20 and 0.94; P = 0.025) in the 
tenofovir gel arm (Table 2). In intermediate gel ad- 
herers and low gel adherers, the HIV incidence 
reduction was 38% (P= 0.343) and 28% (P= 0.303), 
respectively. The mean number of sex acts in the 
high, intermediate, and low gel adherers was 3.2, 
5.0, and 6.7 per month, respectively. 

Over the 30 months of follow-up, reported 
coital frequency declined steadily (Fig. 3), from 
7.2 sex acts per month in the first 6 months to 3.1 
sex acts per month in months 18 to 24 (P < 
0.001). In women who did not acquire HIV, 
overall median gel adherence was 61.3%, in- 
creasing from 55.0% in the first 6 months to 
75.0% in months 18 to 24 (P < 0.001). In HIV 
seroconverters, overall median adherence (until 
product discontinuation after HIV infection) was 
59.2%, ranging from 56.9% in the first 6 months 
to 61.3% in months 18 to 24 (P= 0.735). Overall, 
condoms were reportedly used in 80.3% of sex 
acts, increasing from 78.5% in the first 6 months 
to 84.3% in months 18 to 24 (P< 0.001) (Fig. 3). 

Safety and pregnancy outcomes. There were 
4692 adverse events reported during the study, 
with 94.3% (838 out of 889) of the study partic- 
ipants reporting at least one adverse event. Ad- 
verse event rates were 3.55 per women-year in the 
tenofovir and 3.44 per women-year in the placebo 
gel arms (P = 0.265). Women in the tenofovir gel 
arm reported more instances of diarrhea (Table 3) 
than those using placebo gel (16.9 versus 11.0%, 
P=0.015). There were 39 serious adverse events, 
including one death. In the 37 hepatitis B virus 
carriers (20 randomized to tenofovir gel and 17 to 
placebo gel), there were two cases of “hepatic 
flares” (alanine aminotransferase > 5 times the 
upper limit of normal) in each arm. Further infor- 


mation on grading of the hepatic, renal, and bone- 
adverse events can be found in (23). 

Five participants discontinued gel use for a 
total of 1.04 women-years because of adverse 
events; four were due to genital findings, and one 
was due to congestive cardiac failure. 

The overall pregnancy rate was 4.0 per 100 
women-years: 3.2 per 100 women-years in the 
tenofovir arm and 4.7 per 100 women-years in 
the placebo arm (P= 0.183) (Table 3). At the time 
of analysis, there were six ongoing pregnancies, 
and 58.3% of the remaining 48 pregnancies had 
resulted in a full-term live birth. There were no 
significant differences in pregnancy outcomes by 
study arm, and there were no congenital anom- 
alies. A total of 20.9 women-years of follow-up 
occurred while women were not using gel be- 
cause of pregnancy. 

Viral load and tenofovir resistance. The mean 
log HIV viral load at the time when HIV sero- 
conversion was identified was 4.65 [interquartile 
range (IQR), 4.04 to 5.39] and 4.30 (QR, 3.56 
to 5.17) log copies per milliliter in the tenofovir 
gel arm (7 = 38 HIV seroconverters) and placebo 
gel arm (n = 60 HIV seroconverters), respectively 
(P = 0.147). 

It is estimated that the HIV seroconverters 
were exposed to gel episodically for about 3 to 4 
weeks after infection and the resistance assays 
(n = 35 HIV seroconverters) were performed on 
average 20 weeks after the estimated date of in- 
fection. There were no tenofovir-related resist- 
ance mutations (K65R or K70E) detected, and 
none of the women had thymidine analog mu- 
tations (M41L, L210W, T215Y/F, D67N, K70R, 
and K219Q/E) or mutations that confer multiple— 
nucleoside reverse transcriptase inhibitor resist- 
ance (29). 

Discussion. Tenofovir gel reduced HIV in- 
fection by an estimated 39%. The protective ef- 


fect of coitally related tenofovir gel use was 
evident soon after initiation and peaked at 50% 
after 12 months of gel use. This protective effect 
is evident irrespective of sexual behavior, con- 
dom use, herpes simplex type 2 virus infection, 
or urban/rural differences. A trend of higher ef- 
fectiveness was observed as gel adherence im- 
proved; high adherers had a 54% lower HIV 
incidence rate in the tenofovir gel arm. 

The observed level of effectiveness is depen- 
dent on both the efficacy of the product and the 
participants’ willingness and ability to use it as 
prescribed. Inadequate adherence is the most se- 
rious challenge to obtaining an accurate estimate 
of product efficacy (30). To address this, we im- 
plemented an intensive adherence support pro- 
gram with motivational strategies that depended 
on reliable measurement of adherence. Monitor- 
ing of this key behavior in the trial included an 
objective count of used and unused applicators 
returned each month and did not rely solely on 
self-reported use. Despite this adherence program 
and high gel acceptability, about 40% of the 
women in this study had below 50% gel ad- 
herence. Future trials will need to place greater 
emphasis on enhancing and objectively measur- 
ing adherence, in light of its substantial influence 
on the trial outcome. 

In this study population, women with the 
highest gel adherence tended to have the lowest 
reported coital frequency. Despite their lower 
coital frequency, these women had HIV inci- 
dence rates comparable (in the placebo gel arm) 
with those in women with much higher coital fre- 
quencies, highlighting the importance of infre- 
quent but very high-risk sex with migrant men. 
The impact of coitally related tenofovir gel was 
substantial in this group, indicating its potential to 
alter the course of the HIV epidemic in southern 
Africa, where young women engaging in sex with 
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migrant men is the key driver in the spread of HIV 
infection (37). On a cautionary note, the effective- 
ness of coitally related tenofovir gel appeared to 
decline after 18 months; reasons for this are un- 
clear, and factors, including the possibility of de- 
clining number of gel applications and/or adherence 
over time, need further investigation. 

HIV incidence rates observed in this study 
population were high because KwaZulu-Natal 
province is at the epicenter of South Africa’s 
“explosive” HIV epidemic (32). Although the 
women in the tenofovir gel arm had a substan- 
tially lower HIV incidence rate than that of the 
placebo arm, they still had an unacceptably high 
HIV incidence rate, consistently above 5 per 100 
women-years. This highlights the need to seek 
higher levels of adherence and effectiveness with 
tenofovir gel and to develop other effective pre- 
vention strategies for use in combination with 


tenofovir gel. Encouragingly, there was no evi- 
dence of risk compensation (33), in which indi- 
viduals increase their HIV risk by reducing their 
use of proven prevention modalities, such as con- 
doms, in favor of less effective or unproven pre- 
vention strategies. Instead, we observed declining 
HIV incidence rates in the placebo gel arm. This 
may have been due to their declining coital fre- 
quency and increasing condom use. However, 
the consistently high levels of self-reported con- 
dom use in the last sex act need to be interpreted 
cautiously because these may be affected by in- 
accurate recall and may be indicative of condom 
use in only the last sex act and not all sex acts. 

We found no empirical evidence for the the- 
oretical concern that tenofovir gel may mask HIV 
infection and that withdrawal of tenofovir gel use 
after study exit may lead to the unmasking of 
these infections. 


Table 3. Adverse events and other safety markers in the CAPRISA 004 tenofovir gel trial. 


Tenofovir gel 


RESEARCH ARTICLES 


Coitally related tenofovir gel use was safe. There 
were no increases in renal, hepatic, pregnancy- 
related, or genital-adverse events. The increased 
risk of diarrhea in women using tenofovir gel 
may possibly have been due to a local tenofovir 
effect; further investigation is needed to establish 
the mechanism for this observed adverse effect. 
The reported cases of diarrhea were mild and 
self-limiting, rarely requiring medication. 

There was no renal toxicity—the most impor- 
tant tenofovir-related safety concern (34)—although 
the study excluded women with compromised 
creatinine clearance at enrollment. Increases in 
hepatic flares, which have been reported upon 
cessation of oral tenofovir use in hepatitis B— 
infected individuals (35), was not observed in 
this study, possibly because of the low systemic 
absorption of tenofovir from the gel formulation 
(17). No safety concerns were identified in the 22 


Placebo gel 


Events/participants/ Events/participants/ P value 
(percent with > 1 event) (percent with > 1 event) 
Number of adverse events 2419/423/(95.1) 2273/415/(93.5) 0.32 
Deaths 0/0/(0) 1/1/(0.2) 0.50 
Serious adverse events: 23/21/(4.7) 16/16/(3.6) 0.50 
total serious adverse events 
Pregnancy-related serious adverse events 8/8/(1.8) 8/8/(1.8) 1.00 
Grade 3* adverse events 19/15/(3.4) 18/16/(3.6) 0.86 
Grade 4* adverse events 4/41(0.9) 4/3/(0.7) 1.00 
Common adverse events 
Influenza 365/216/(48.5) 314/220/(49.5) 0.79 
Vaginal discharge 203/156/(35.1) 239/156/(35.1) 1.00 
Headache 126/93/(20.9) 133/102/(23.0) 0.53 
Urinary tract infection 135/100/(22.5) 120/93/(20.9) 0.63 
Diarrhea and gastrointestinal infections 91/75/(16.9) 65/49/(11.0) 0.02 
Upper respiratory tract infections 162/114/(25.6) 145/100/(22.5) 0.31 
Genital adverse events 
Disrupted epithelium, e.g., genital ulceration 18/18/(4.0) 14/13/(2.9) 0.47 
Intact epithelium, e.g., erythema 48/41/(9.2) 42/33/(7.4) 0.40 
Urogenital symptoms (such as menorrhagia) 312/210/(47.2) 394/238/(53.6) 0.06 
Vaginal candidiasis 156/114/(25.6) 187/130/(29.3) 0.23 
Other 182/131/(29.4) 176/123/(27.7) 0.60 
Laboratory parameters: any abnormality after randomization 
Hepatic 
Aspartate aminotransferase (AST) 29/21/(4.7) 36/29/(6.5) 0.25 
Alanine transaminase (ALT) 42/33/(7.4) 50/40/(9.0) 0.38 
Renal 
Raised creatinine 3/3/(0.7) 1/1/(0.2) 0.62 
Low potassium 119/95/(21.3) 99/83/(18.7) 0.36 
Abnormal sodium 54/48/(10.8) 43/41/(9.2) 0.50 
Hematological 
Anemia 52/34/(7.6) 46/29/(6.5) 0.60 
Neutropenia 19/16/(3.6) 13/11/(2.5) 0.44 
Bone 
Low phosphate 79/62/(13.9) 65/51/(11.5) 0.31 
Abnormal calcium 16/15/(3.4) 14/13/(2.9) 0.85 
Fractures 5/4/(0.9) 2/2/(0.5) 0.69 
Pregnancy rate per 100 women-years 3.2 4.7 0.18 
Proportion of pregnancies resulting in live births 66.7 51.9 0.38 


*Grade 3 and 4 adverse events refer to the grading for severity according to the Division of AIDS Table for Grading Adult and Pediatric Adverse Events, 2004 (http://rsc.tech-res.com/ 


safetyandpharmacovigilance/). 
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women exposed to tenofovir gel in early preg- 
nancy, providing further evidence to support the 
analysis of the Antiretroviral Pregnancy Register 
(36), which showed no increases in congenital 
anomalies. No tenofovir-related resistance was 
found in the 35 women exposed to tenofovir gel 
early in acute HIV infection. Further studies to 
identify tenofovir resistance at earlier time points 
after infection, in both the genital and systemic 
compartments, are needed. Coitally related teno- 
fovir gel use showed no impact on viral load in 
HIV seroconverters. 

This test-of-concept study had several limi- 
tations; the relatively small sample size and the 
small number of study sites restrict the broad 
generalizability of the results. The study’s ad- 
herence program needed to attain higher and sus- 
tained levels of adherence. The co-enrollment 
challenge was a setback at the urban site. It did 
not, however, affect the estimated effectiveness 
of tenofovir gel when infections in co-enrolled 
women were included in the analysis. It is not 
possible to derive from this study any conclu- 
sions on the safety and effectiveness of tenofovir 
gel for anal sex. Similarly, it is not possible to 
make any conclusions on the effectiveness of 
tenofovir gel in relation to the timing of gel ap- 
plications because when gel was applied, BAT24 
was usually followed. 

Currently, there are five large-scale trials as- 
sessing oral pre-exposure prophylaxis with teno- 
fovir or tenofovir-emtricitabine (37) in men who 
have sex with men, intravenous drug users, and 
heterosexual men and women. One of these, the 
Microbicide Trials Network (MTN) 003 trial (38), 
is assessing the effectiveness of daily tenofovir gel 
for HIV prevention. This critically important study 
will provide urgently needed evidence on wheth- 
er more frequent dosing can improve adherence 
and effectiveness of tenofovir gel without com- 
promising safety. Additional studies are needed 
to corroborate the findings of the CAPRISA 004 
trial and to assess the safety, effectiveness, ad- 
herence, and cost advantages or disadvantages of 
coitally related tenofovir gel as compared with 
daily tenofovir in either the gel or oral formula- 
tion for HIV prevention in women. 

Conclusion. Coitally related tenofovir gel ap- 
pears safe and effective in preventing HIV in- 
fection. Once these promising findings have been 
corroborated, this antiretroviral microbicide could 
potentially fill an important HIV prevention gap, 
especially for women unable to successfully ne- 
gotiate mutual monogamy or condom use. 
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Spiroindolones, a Potent Compound 
Class for the Treatment of Malaria 
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Recent reports of increased tolerance to artemisinin derivatives—the most recently adopted 

class of antimalarials—have prompted a need for new treatments. The spirotetrahydro-B-carbolines, 
or spiroindolones, are potent drugs that kill the blood stages of Plasmodium falciparum and 
Plasmodium vivax clinical isolates at low nanomolar concentration. Spiroindolones rapidly inhibit 
protein synthesis in P. falciparum, an effect that is ablated in parasites bearing nonsynonymous 
mutations in the gene encoding the P-type cation-transporter ATPase4 (PfATP4). The optimized 
spiroindolone NITD609 shows pharmacokinetic properties compatible with once-daily oral dosing 
and has single-dose efficacy in a rodent malaria model. 


Imost half the world’s population is ex- 
Ax to malaria, which causes over 

800,000 deaths each year and kills more 
under-5-year-olds than any other infectious 
agent (/). Fifty years ago, malaria had been 
eliminated from many areas of the world through 
a combination of drug treatments and vector 
control interventions (2). However, the global 
spread of drug resistance together with a col- 
lapse of vector control programs resulted, by 
the 1980s, in a resurgence in disease incidence 
and mortality. Today, epidemiological data sug- 
gest that the introduction of new drugs (notably 
the artemisinin-based combination therapies or 
ACTs) may have reversed that trend (3). Recent 
reports suggest that resistance to derivatives of 
the endoperoxide artemisinin is now emerging 
(4-6). These observations have triggered a con- 
certed search for new drugs that could be deployed 
if artemisinin resistance were to spread. 
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Many of the therapies currently in develop- 
ment use known antimalarial pharmacophores 
(e.g., aminoquinolines and/or peroxides) chemi- 
cally modified to overcome the liabilities of their 
predecessors (7). Although these compounds may 
become important in the treatment of malaria, it 
would be preferable to discover chemotypes 
with novel mechanisms of actions (8). However, 
despite important advances in our understanding 
of the Plasmodium genome, the identification 
and validation of new drug targets have been 
challenging (9). 

To identify novel antimalarial leads, we and 
others have screened diverse chemical libraries 
using Plasmodium whole-cell proliferation assays 
with cultured intraerythrocytic parasites (/0-/2). 
From a library of about 12,000 pure natural 
products and synthetic compounds with structural 
features found in natural products, our screen iden- 
tified 275 primary hits with submicromolar activity 
against Plasmodium falciparum. We discarded those 
hits whose activity was not reconfirmed against 
multidrug-resistant parasites and/or that displayed 
some cytotoxicity against mammalian cells (more 
than 50% viability inhibition at 10 4M). Pharma- 
cokinetic and physical properties were then deter- 
mined for the remaining 17 compounds. From this, 
a synthetic compound related to the spiroazepinein- 
dole class, having a favorable pharmacological pro- 
file, stood out as a starting point for a medicinal 
chemistry lead optimization effort. Synthesis and 
evaluation of about 200 derivatives yielded the opti- 
mized spirotetrahydro-f-carboline (or spiroindolone) 
compound NITD609 (Fig. 1A). This compound is 
synthesized in eight steps, including chiral separa- 
tion of the active enantiomer, and is amenable to 
large-scale manufacturing. NITD609 has good drug- 
like attributes (see below) and displays physico- 
chemical properties compatible with conventional 
tablet formulation. 

There is general agreement that a new anti- 
malarial should ideally meet the following criteria: 
(i) kills parasite blood stages; (ii) is active against 
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drug-resistant parasites; (ili) is safe (i.e., no cyto- 
toxicity, genotoxicity, and/or cardiotoxicity); and 
(iv) has pharmacokinetic properties compatible 
with once-daily oral dosing. NITD609 meets all 
these criteria. We also gained insight into a mech- 
anism of drug resistance involving the P-type 
cation-transporter ATPase4 (PfATP4). 

Activity against drug-resistant Plasmodium. 
Antimalarial blood-stage activity was evaluated 
in vitro against a panel of culture-adapted P. fal- 
ciparum strains. NITD609 displayed single-digit 
nanomolar average 50% inhibitory concentration 
values (ICs9 range, 0.5 to 1.4 nM; table $1), with 
no evidence of diminished potency against drug- 
resistant strains (table S1) (73). This compound 
was also tested in ex vivo assays with fresh iso- 
lates of P. falciparum and P. vivax (14), collected 
from malaria patients on the Thai-Burmese border 
where chloroquine resistance has been widely 
reported (/5, 16). NITD609 was found to be as 
effective as artesunate, with potency in the low 
nanomolar range (ICs9 values consistently <10 nM) 
against all P vivax (Fig. 1B) and P._ falciparum 
(Fig. 1C) isolates. NITD609 was also similar to 
artesunate in its ability to kill both mature tropho- 
zoite and immature P. vivax ring stages, in contrast 
to the trophozoite stage-specific activity observed 
with chloroquine (/7). Regardless of their initial 
developmental stages, NITD609-treated parasites 
displayed morphological hallmarks of dying par- 
asites, including pycnotic nuclei and abnormal 
digestive vacuoles and/or nuclear segmentation. 
Collectively, our in vitro and ex vivo data showed 
that spiroindolones were potent against the intra- 
erythrocytic stages of the major human malarial 
pathogens P. falciparum and P. vivax, including a 
range of drug-resistant strains. 

The rapid activity of artemisinin derivatives 
against all Plasmodium asexual erythrocytic stages 
is a key feature of their therapeutic efficacy (6). 
To precisely determine which parasite blood stages 
are most sensitive to the spiroindolones, and to 
evaluate the time required for these drugs to act, 
we conducted in vitro drug sensitivity assays with 
synchronized parasites treated at ring, trophozoite, 
and schizont stages for various durations (1, 6, 
12, and 24 hours) before removal of drug and con- 
tinuation of culture for 24 hours in the presence 
of PH]hypoxanthine. At a high concentration of 
NITD609 (=100 x ICs 9 value), all stages (rings, 
trophozoites, and schizonts) were similarly sensitive 
(fig. S1). However, at low concentrations (~1 or 
10 x ICs value), schizonts were the most suscep- 
tible. We speculate that the target is present in all 
asexual blood stages but might be particularly vul- 
nerable in schizonts. Although clearly faster-acting 
than the former first-line antifolate agent pyrimeth- 
amine, NITD609 did not inhibit parasite growth 
as quickly as the artemisinin derivative artemether 
(fig. S1). Strong growth inhibition (>90%) was 
achieved with artemether treatment at 8 nM for 
only 6 hours, whereas similar activity was achieved 
with NITD609 at 1.6 nM for 24 hours. 

Although at least 12 hours of continuous drug 
exposure was required to reduce by 90% the in- 
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corporation of [*H]-hypoxanthine into parasite 
DNA (fig. S1), a *°S-radiolabeled methionine and 
cysteine (P°S]-Met/Cys) incorporation assay 
revealed that NITD609 blocked protein synthesis 
in P. falciparum parasites within 1 hour (Fig. 2A). 
A similar effect was observed with the known 
protein translation inhibitors anisomycin (an in- 
hibitor of peptidyl transferase) and cycloheximide 
(an inhibitor of translocation activities during poly- 
peptide elongation). In contrast, the antimalarial 
drugs artemisinin and mefloquine showed a nom- 
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Fig. 1. (A) Chemical structure of NITD609, show- 
ing the 1R,3S configuration that is essential for 
antimalarial activity. Key physicochemical proper- 
ties: solubility (pH 6.8), 39 ug/ml; logP (pH 7.4), 
4.7; logD (pH 7.4), 4.6; PK 47; PK , 10.7; polar 
surface area, 56.92 A*. (B) Ex vivo sensitivity of 
P. vivax and (C) P. falciparum (9 and 10 clinical 
isolates, respectively) to NITD609 compared with the 
reference drugs chloroquine (CQ) and artesunate 
(AS). The antimalarial sensitivity of these two species 
was measured after exposing ring (unshaded boxes) 
and trophozoite stages (shaded boxes) to drug for 
20 hours. Data are shown as box plots. Maximum- 
minimum ICs values are indicated, respectively, by 
the top and bottom horizontal thin bars, with the 
solid internal line indicating the median. Boxed 
areas indicate 75% confidence intervals. Inhibition 
of parasite growth was determined after 42 hours. 
Only chloroquine-treated P. vivax displayed a sig- 
nificant stage-specific sensitivity (P < 0.001). ns, not 
significant. 


inal (<25%) decrease in [°°S]-Met/Cys incorpo- 
ration within 1 hour. We suggest that NITD609 
has a mechanism of action different from those of 
artemisinin and mefloquine. 

Selectivity index and safety profile. Safety 
is paramount when considering that the malaria 
patient population is composed mostly of young 
children living in places where there are very lim- 
ited resources for providing adequate medical su- 
pervision. To assess the intrinsic cytotoxic activity 
of NITD609, we measured the concentration lead- 
ing to 50% cell death (CC) in vitro with cell lines 
of neural, renal, hepatic, or monocytic origin. No 
significant cytotoxicity was observed at any con- 
centration (CCs9 > 10 uM; table S2). Given that 
NITD609 had an ICso of ~1 nM against P fal- 
ciparum (table S1), the cytotoxicity data established 
a selectivity index (CC50/IC 50) > 10,000. Multiple 
antimalarial drugs (e.g., 4-aminoquinolines) have 
cardiotoxicity liabilities due to hERG channel in- 
hibition, resulting in withdrawal in the extreme case 
of halofantrine (8, 19). hERG (human Ether-a- 
go-go Related Gene) binding and patch-clamp as- 
says with NITD609 yielded ICs» values >30 uM, 
consistent with a low risk of cardiotoxicity (table 
S3). Using a miniaturized Ames assay (20), we 
also established that NITD609 lacked intrinsic mu- 
tagenic activity. Finally, we observed no significant 
binding with a panel of human G-protein coupled 
receptors, enzymes, and ion channels (table S4). 


Fig. 2. Spiroindolones rapidly di- 4254 
minish protein synthesis in the par- 5 

asite. The rate of parasite protein a 
synthesis was evaluated by monitor- = ae 
ing *°S-radiolabeled methionine and 920 
cysteine ([?°S]-Met/Cys) incorpora- 8 3 754 
tion into asynchronous cultures. Par- (© .N 
asites were assayed for 1 hour in the Q © 
presence of NITD609 (inverted tr- © E 60) 
angle), anisomycin (diamond), cyclo- 3 7 
heximide (square), artemisinin (circle), = se 25) 
or mefloquine (triangle), then ex- @ 
tracted for radiographic measure- ©, 


Male rats tolerated oral administration of 
NITD609 daily for 14 days at a dose yielding 
daily exposure (AUC .24n) values between 29,400 
and 56,500 ng-hour/ml. This is equivalent to 10- 
to 20-fold the daily exposure to a dose that re- 
duced parasitemia by 99% in a malaria mouse 
model [99% effective dose (EDo9) = 5.3 mg/kg; 
see below]. Under these conditions, no adverse 
events or notable histopathological findings were 
observed. Overall, these data show that NITD609 
has a safety profile that is acceptable for an anti- 
malarial drug. 

Pharmacokinetic and pharmacodynamic 
properties. Upon oral and intravenous admin- 
istration in mice and rats, NITD609 displayed a 
moderate volume of distribution (V,, = 2.11 and 
3.04 liter/kg) and a low total systemic clearance 
(CL= 9.75 and 3.48 ml min | kg ') (table $5). 
Orally administered NITD609 displayed a long 
half-life (7\,2 = 10 and 27.7 hours) and excellent 
bioavailability (F' =100%). On the basis of our 
in vitro metabolic stability data, this profile is 
likely to extend to humans, because the pre- 
dicted metabolic clearance for this compound 
was low across several species (table S6). Taken 
together, these data show that NITD609 displays 
pharmacokinetic properties consistent with once- 
daily oral dosing. We tested this drug candidate 
by oral dosing in a virulent P berghei malaria 
mouse model (2/, 22). The results showed that 
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ments. Radiolabel incorporation was 
measured against inhibitor dosed 
over a five-log concentration range, 
and percent incorporation was cal- 
culated by comparison to cultures 
assayed in the absence of inhibitor. 
Anisomycin and cycloheximide were 
included as positive controls. (A) 
Spiroindolone treatment rapidly di- 
minishes protein synthesis in Dd2; 
however, this effect is mostly absent 
in (B) NITD609-R°“ clone #2 except 
at very high concentration. Fifty per- 
cent inhibition of [?°S]-Met/Cys in- 
corporation was observed with 3x 
and 78x ICsq of NITD609 on the 
NITD609-treated Dd2 wild type and 
NITD609-R°“? drug-resistant clones, 
respectively. Data are expressed as 


[?°S]-Met/Cys incorporation 
(% normalized CPM) 


0.01x 0.1x 1x 10x 100x 


0.01x 0.1x 1x 10x 
[Inhibitor] (fold IC,, value) 


100x 


means + SD and represent three independent experiments performed in triplicate. Similar losses of protein 
synthesis inhibition upon NITD609 treatment were observed in the resistant clones NITD609-R°™ #1 and 


#3, respectively (see fig. $2). 
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Table 1. In vivo efficacy data in the P. berghei rodent malaria model. “Activity”: average parasitemia 
reduction; “Survival”: average life span after infection (6 to 7 days for untreated mice); “Cure”: no 
parasite present at day 30. 

1 x 10 mg/kg oral 


1 x 30 mg/kg oral 1 x 100 mg/kg oral 


Compound Activity Survival Activity Survival Cure Activity Survival Cure 
(%) (%) (%) (days) (%) (%) (days) (%) 
NITD609* 99.6 13.3 99.6 24.1 50 99.2 >30 100 
Artesunatet 70 7.3 89 7.2 - 97 6.7 - 
Artemethert 81 6.2 97 6.9 - 99 7.6 - 
Chloroquinet 99.6 8 99.7 8.7 - >99.9 12 - 
Mefloquinet 95 15.2 98 18.2 - 89 28 - 


*Methylcellulose 0.5%/0.1% Solutol HS15 formulation (n = 10 mice). 


fTween 80 7%/3% ethanol formulation (n > 10 mice). 


Fig. 3. Genomic tiling arrays identified shared 
mutations in the pfatp4 gene (PFLO590c) in all 
drug-resistant parasites. (A) Distinct pairs of SNPs 
in pfatp4 were detected in NITD678-R°“ clones 
#2 (blue) and #3 (orange). P values were calculated 
for all probes covering pfatp4 and flanking regions; 
a spike in the P value reflects a difference in hybrid- 
ization between the parental clone and the drug- 
selected clone, a hallmark of a SNP. Direct sequencing 
of pfatp4 from each clone confirmed that these SNPs 
cause nonsynonymous changes in the coding region, 
indicated by the red boxes. (B) A 120-kb copy num- 
ber variation covering 37 genes in chromosome 12 
was detected in the genome of NITD678-R° clone 
#1. The pfatp4 gene (asterisk) was contained within 
this amplification. Direct sequencing of pfatp4 from 
this clone identified an additional nonsynonymous 
SNP at amino acid position 223 (G223R). This mu- 
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NITD609 was efficacious at doses (EDs/90/09 = 
1.2, 2.7, and 5.3 mg/kg) lower than those of the 
reference antimalarial drugs chloroquine, arte- 
sunate, and mefloquine (table S7). A single oral 
dose of NITD609 at 100 mg/kg completely 
cleared a P. berghei infection in all treated mice, 
and a 50% cure rate was achieved with a single 
oral dose at 30 mg/kg (Table 1). Three daily oral 
doses of 50 mg/kg also afforded complete cure 
(table S8). At similar dosing regimens, none of 
the reference drugs tested could cure infection in 
this lethal malaria mouse model. To our knowl- 
edge, among the drug candidates currently in 
development, only the new-generation synthetic 
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peroxide compounds (e.g., OZ439) have been re- 
ported to have this level of curative activity upon 
single-dose oral administration (7). Considering 
NITD609 pharmacokinetic and pharmacodynam- 
ic properties, we speculate that sustained parasit- 
emia reduction will be achievable at low doses in 
humans. 

Drug resistance mediated by a P-type cation- 
transporter ATPase4. The rapid development of 
drug resistance has plagued malaria control pro- 
grams in almost all endemic regions. In vitro 
selection of resistance is a powerful predictor of 
the molecular determinants used by parasites in 
field settings (23, 24). To evaluate the potential 
for drug resistance and gain insight into the mech- 
anism of action, we applied drug pressure to a 
cultured clone of Dd2, a multidrug-resistant par- 
asite strain believed to have a higher propensity 
to mutate (25) (fig. S3A). Six independent cul- 
tures were exposed to incrementally increasing 
sublethal concentrations of two compounds: 
NITD609 and the less potent derivative NITD678 
(fig. S3, B and C). After 3 to 4 months of con- 
stant drug pressure, the ICso values had increased 
7- to 24-fold (attaining a mean of 3 to 11 nM) for 
NITD609-selected parasites, and 7- to 11-fold 
(mean of 162 to 241 nM) for NITD678-selected 
parasites (fig. S3, D and E, and table S9). The high 
number of passages required to yield drug-resistant 
parasites, together with the low level of resistance 
that was achieved, suggests that spiroindolones do 
not readily select for high-level resistance in vitro. 
Subsequent passaging of drug-selected parasites in 
drug-free media for 4 months showed no evidence 
of revertants, indicating that resistance was stable 
(fig. S4). None of the selected mutants showed 
cross-resistance to a panel of antimalarial agents 
with diverse modes of action, including artemisinin 
and mefloquine (table S10). 

To determine the molecular basis of in vitro 
resistance, we prepared genomic DNA (gDNA) 
from each of the six drug-resistant clones. g DNA 
samples were then fragmented, labeled, and hy- 
bridized to a high-density tiling array that contains 
~6 million single-stranded 25-oligonucleotide 
probes complementary to the P falciparum ge- 
nome. We compared the hybridization data for 
each haploid clone, using software that identifies 
regions on the array that showed a loss or gain 
of hybridization relative to the nonresistant pa- 
rental reference line (26), and that calculated a 
probability of a genomic change based on the 
number of consecutive probes that showed a 
hybridization difference. The microarray covers 
~90% of coding regions and 60% of noncoding 
regions, with probes spaced every two or three 
bases. Sequence coverage is limited only by the 
high AT content of P falciparum that causes 
some 25-oligonucleotide sequences to be repre- 
sented more than once throughout the genome, 
rendering those noninformative (27). Former 
studies showed that this genome-tiling analysis 
can identify 90% of the differences that dis- 
tinguish two strains in unique regions of the ge- 
nome (26). 


Detectable genomic changes include single- 
nucleotide polymorphisms (SNPs), insertion/ 
deletion events, and copy number variations. Using 
a permissive P-value cutoff of 1 x 10°, we iden- 
tified 7 to 95 genomic differences, localized to 
within 2 or 3 nucleotides, in each resistant clone. 
A similar comparison between two highly di- 
verged strains such as Dd2 and 3D7 would yield 
>13,000 genomic differences (26). Using a stricter 
cutoff (P < 10 '°) that should give fewer false- 
positives at the expense of more false-negatives, 
we found 27 total differences among all six mu- 
tants. Seven of these mapped to a single gene, 
pfatp4 (PFL0590c; Fig. 3, A and C), with the 
remainder found largely in randomly assorted sub- 
telomeric or intergenic regions. Inspection of the 
hybridization patterns showed that one strain 
carried a copy number variant that encompassed 
the pfatp4 locus (Fig. 3B). These data strongly 
suggest that treatment with spiroindolones spe- 
cifically selects for mutations in pfatp4. 

Sequencing of the entire pfatp4 gene from 
the different resistant strains revealed 11 non- 


Fig. 4. Introduction of A 
mutant pfatp4 into Dd2*® 
parasites decreases suscep- 
tiblity to spiroindolones. 
pfatp4 transgenes harbor- 
ing mutations identified in 
either NITD609-R°™ clone 
#1 (1398F/P990R) or clone 
#3 (D1247Y) were individ- 
ually introduced into the 
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either the P. berghei EFla. 
promoter (PbEFloa) or 
the stronger P. falcipa- 
rum calmodulin promot- 
er (PfCam). ICs9 values 
were determined for (A) 
NITD609, (B) NITD678, 
(C) artemisinin, and (D) 
mefloquine. ICs9 values 
are shown as means + SD 
and were derived from 
three independent experi- 
ments performed in qua- 
druplicate with the SYBR 
Green—based cell prolifer- 
ation assay (12). Statistical 
significance was calcu- 
lated using a two-tailed 
unpaired f test, compar- 
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synonymous mutations (table S9), with at least 
one in every clone. Nine of these were consid- 
ered true genomic alterations for the thresholds 
used with the microarray analysis (P < 10°). 
One exception resulted from a SNP lying within 
the copy number variant (NITD678-R”™ clone#1). 
The second exception (NITD609-RP clone#1) 
was the result of an emergent mixed population 
that had been cultured for several weeks after 
cloning in order to obtain enough DNA for hy- 
bridization. Sequencing of different polymer- 
ase chain reaction (PCR) products from this 
clone showed that some fragments contained 
three mutations (Ie*°*’—Phe, Pro””°—Arg, and 
Asp'4’Tyr) in pfatp4, whereas others har- 
bored only two mutations (Ile*’’—Phe and 
Pro””°>Arg). The probability of 11 nonsynon- 
ymous mutations occurring in pfatp4 by chance 
is extremely unlikely. Sequencing of 14 different 
isolates of P. falciparum from different conti- 
nents (28, 29) revealed only 7 non-synonymous 
SNPs and 6 synonymous SNPs for pfatp4 (from 
a total of ~32,000 SNPs), placing the gene at 


mRFP-PfSec12 


Merge DIC 


ing transgenic pfatp4 lines to the Dd2°"® parental line: *P < 0.0001. (E and F) Localization of PfATP4 
to the parasite plasma membrane. Transgenic parasites coexpressing PfATP4-GFP and an ER marker, 
mRFP-PfSec12, were labeled with Hoechst 33382 to visualize the nucleus. PfATP4-GFP was observed at 
the parasite plasma membrane in (E) early schizont (two nuclei) and (F) late-segmented schizont 
parasites. DIC, differential interference contrast. Bar, 5 um. 
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about the 70th percentile in terms of diversity. In 
contrast, none of the genes with the highest num- 
ber of nonsynonymous SNPs from sequencing 
field isolates (28, 29) showed any differences 
in our tiling array analysis. Thus, our data are 
indicative of selective pressure operating on 
this single gene. 

To confirm that drug resistance was con- 
ferred directly by these mutations, we amplified 
the full-length pfatp4 gene from either wild-type 
or resistant lines, and cloned it into an expres- 
sion vector that allows for site-specific integra- 
tion in transgenic parasites (fig. S5). Following 
integrase-mediated recombination (30) to intro- 
duce these genes stably into parasites, we eval- 
uated transgenic lines for inhibition of parasite 
growth as a function of drug concentration. Lines 
expressing mutant PfATP4 harboring either 
the single Asp'**”’—>Tyr (D1247Y) or double 
Tle?’ Phe/Pro?”° Arg (1398F/P990R) muta- 
tions showed an increase in ICs, values relative 
to the parental line (Fig. 4, A and B, and table 
S11). This effect was enhanced when either mu- 
tant was placed under the control of the strong 
P. falciparum calmodulin (PF14_0323) promot- 
er, conferring a fivefold increase in the ICso value 
against NITD609. The reduced level of re- 
sistance compared to the original drug-selected 
mutants can be attributed to the coexpression 
of variant pfatp4 and the endogenous wild-type 
allele in our transfected lines. Artemisinin (Fig. 
4C) and mefloquine (Fig. 4D) displayed equiv- 
alent potency against the wild-type and transgenic 
strains (table S11), confirming that resistance was 
specific to the spiroindolones. 


*cytosolic 
region 
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binding 
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lumenal/ 
extracellular 
region 


Molecular characterization of PfATP4. The 
pfatp4 gene product is annotated as a cation- 
transporting P-type adenosine triphosphatase 
(ATPase) (PfATP4) (3/33). This family of ATP- 
consuming transporters can be inhibited by chem- 
ically diverse compounds, including thapsigargin, 
cyclopiazonic acid, and lansoprazole, and there- 
by constitutes an attractive set of drug targets [re- 
viewed in (34)]. P-type ATPases are ubiquitous in 
eukaryotic organisms, and those involved in di- 
valent cation transport appear to maintain a con- 
served structural mechanism for ion translocation 
(35). PfATP4 shows a high level of homology to 
Saccharomyces cerevisiae PMR1, a P-type ATPase 
required for high-affinity Ca?" and Mn?" trans- 
port. The human ortholog (hSPCA1) is associated 
with Hailey-Hailey disease, an acantholytic skin 
condition. The structural elucidation of a related 
rabbit SERCA (sarco/endoplasmic reticulum cal- 
cium ATPase) pump (36), which shares 30% 
amino acid identity with PfATP4, enabled us to 
generate a homology model (Fig. 5). This localizes 
most of the eight resistance-associated muta- 
tions to transmembrane domains. The trans- 
membrane region is predicted to act as a funnel 
to translocate cations across biological mem- 
branes, and includes eight conserved residues 
required for cation coordination (37, 38). None 
of those residues were altered in our resistant 
lines. A number of P-type ATPase inhibitors, in- 
cluding cyclopiazonic acid and thapsigargin, bind 
to the transmembrane region (39-47). However, 
no cross-resistance to either inhibitor was ob- 
served in our spiroindolone-selected mutant par- 
asite lines (table S10). 


Thr4tgdsn ©'¥223Arg 


Fig. 5. Resistance-associated SNPs map to the predicted transmembrane region of PfATP4. A homology 
model of PfATP4 was generated in SWISS-MODEL based on the crystal structure of the rabbit SERCA 
pump. Amino acid alignment analysis by EMBOSS (43) revealed 30% identity and 48% similarity 
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To characterize PfATP4 further, we gener- 
ated a PfATP4-GFP (green fluorescence protein) 
fusion that was cotransfected into Dd2 parasites 
along with mRFP-PfSec12, an endoplasmic retic- 
ulum (ER) marker (42). Live cell imaging of 
transgenic parasites localized PfATP4-GFP to 
the parasite plasma membrane throughout the 
intraerythrocytic life cycle (Fig. 4, E and F, and 
fig. S6). In late-stage segmented schizonts, this 
fusion protein was invaginated and surrounded 
the developing daughter merozoites, confirming 
a parasite plasma membrane distribution rather 
than delivery to the surrounding parasitophorous 
vacuole (Fig. 4F). This finding is supported by 
earlier immunofluorescence data that localized 
PfATP4 at or near the plasma membrane (32). 

Several possibilities may explain how mu- 
tations in PfATP4 could confer resistance to 
spiroindolones. First, the protein could play a role 
in drug transport; however it shows no homology 
to known transporters. Alternatively, PfATP4 
mutations could attenuate the spiroindolone- 
induced disruption of cellular homeostasis through 
an indirect mechanism that remains to be de- 
termined. Finally, PfATP4 may be the target 
of spiroindolones because cation-transporting 
ATPases are druggable targets (34). It is dif- 
ficult to distinguish between these possibilities 
as little is known about the molecular function 
of PfATP4. We have been unable to reproduce 
results suggesting that PfATP4 plays a role in 
calcium transport (33) (fig. S7), and it is unlikely 
that the protein regulates calcium transport of 
the ER calcium stores, given its localization to 
the plasma membrane. It is possible, nonethe- 
less, that the protein regulates the trafficking of 
other cations. Although further functional char- 
acterization of PfATP4 is clearly warranted, the 
mutations we identified will be useful molecular 
markers of drug resistance once NITD609 enters 
clinical trials. 

Conclusions. These studies define the spi- 
roindolones as an antimalarial drug candidate 
that acts through a mechanism of action dis- 
tinct from that of existing antimalarial drugs. In 
contrast to mefloquine and artemisinin, spiro- 
indolones rapidly suppress protein synthesis in 
the parasite. Our genome-wide investigations re- 
vealed that resistance is mediated by the P-type 
ATPase PfATP4 and showed at single-base res- 
olution how a small eukaryotic genome adapts 
to sublethal drug pressure. Our lead compound, 
NITD609, displays good antimalarial activity 
and meets the criteria required for an antimalarial 
drug candidate. Further safety and pharmacological 
preclinical evaluation is currently ongoing to sup- 
port the initiation of human clinical trials. 
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Detection of Cgp and C79 in a Young 


Planetary Nebula 


Jan Cami,”'2* Jeronimo Bernard-Salas,?* Els Peeters,* Sarah Elizabeth Malek? 


In recent decades, a number of molecules and diverse dust features have been identified by astronomical 
observations in various environments. Most of the dust that determines the physical and chemical 
characteristics of the interstellar medium is formed in the outflows of asymptotic giant branch stars and is 
further processed when these objects become planetary nebulae. We studied the environment of Tc 1, 
a peculiar planetary nebula whose infrared spectrum shows emission from cold and neutral Cgg and C7. 
The two molecules amount to a few percent of the available cosmic carbon in this region. This finding 
indicates that if the conditions are right, fullerenes can and do form efficiently in space. 


nterstellar dust makes up only a small frac- 
tion of the matter in our galaxy, but it plays 
a crucial role in the physics and chemistry of 
the interstellar medium (ISM) and star-forming 
regions (/). The bulk of this dust is created in the 
outflows of old, low-mass asymptotic giant branch 
(AGB) stars; such outflows are slow (5 to 20 km/s) 
but massive (10 * to 10 “ solar masses per year) 
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(2-4). Once most of the envelope is ejected, the 
AGB phase ends and the stellar core—a hot white 
dwarf—becomes gradually more exposed. When 
this white dwarf ionizes the stellar ejecta, they 
become visible as a planetary nebula (PN). 
Chemical reactions and nucleation in the AGB 
outflows transform the atomic gas into molecules 
and dust grains. For carbon-rich AGB stars (some- 
times called carbon stars), this results in a large 
variety of carbonaceous compounds; to date, more 
than 60 individual molecular species and a hand- 
ful of dust minerals have been identified in these 
outflows (5), including benzene, polyynes, and 
cyanopolyynes up to about 13 atoms in size (6, 7). 
These environments are also thought to be 
the birthplace for large aromatic species such as 


polycyclic aromatic hydrocarbons (PAHs) and 
fullerenes (8, 9), a class of large carbonaceous 
molecules that were discovered in laboratory ex- 
periments aimed at understanding the chemistry 
in carbon stars (70). Fullerenes have unique phys- 
ical and chemical properties, and the detection of 
fullerenes and the identification of their forma- 
tion site are therefore considered a priority in the 
field of interstellar organic chemistry (//). How- 
ever, astronomical searches for fullerenes in inter- 
stellar and circumstellar media have not resulted 
in conclusive evidence (/2—/4). The most promis- 
ing case to date is the detection of two diffuse 
interstellar bands (DIBs) in the near-infrared (/5) 
whose wavelengths are close to laboratory spectra 
of CZ in solid matrices (/6); this finding awaits 
confirmation from comparison to a cold, gas- 
phase spectrum. 

Here, we report on the detection of the full- 
erenes Co and C7 in the circumstellar environ- 
ment of Tc 1. Tc | is a young, low-excitation PN 
where the white dwarf is still enshrouded by the 
dense stellar ejecta. At optical wavelengths, Tc 
1 shows Ha emission up to ~50 arc sec away 
from the central star, but the PN also has a much 
smaller (~9 arc sec) and more compact core that 
was observed with the Infrared Spectrograph (IRS) 
(17) onboard the Spitzer Space Telescope (/8). 
This inner region turns out to be carbon-rich, 
hydrogen-poor, and dusty. 

The Spitzer IRS spectrum of Te 1 (Fig. 1) (79) 
shows numerous narrow forbidden emission 
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Fig. 1. The Spitzer IRS spectrum of Tc 1. (A) The entire range, 5 to 37 um. (B) 
Continuum-subtracted spectrum between 5 and 23 um, where known for- 
bidden emission lines are masked (19). We fitted a cubic spline to spectral 
ranges devoid of features to determine the dust continuum (red dashed line). 
The broad plateau between 11 and 13 um is attributed to emission from SiC 
dust (34, 35), and the well-known broad feature longward of 23 um is be- 
lieved to be due to MgS (36). Red arrows mark the wavelengths of all infrared 
active modes for C¢o; blue arrows denote those of the four strongest, isolated 


lines that are characteristic for the low-density 
gas environment of PNe. The infrared continuum 
is due to emission from circumstellar dust. For 
carbon-rich environments, this dust is typically 
amorphous carbon, which results in a featureless 
continuum. Other common dust components re- 
veal their presence through emission bands. 

The spectra of most carbon-rich PNe are gen- 
erally dominated by strong emission features due 
to PAHs. These features are completely absent in 
the spectrum of Tc 1. In addition, there is no trace 
of even the simplest H-containing molecules 
(such as HCN and C>H;) that are often observed 
in carbon-rich proto-PNe. The Spitzer IRS spectrum 
does show a few weak hydrogen recombination 
lines, but these most likely originate from the 
halo material farther out, where Ha emission is 
also observed. Instead, the spectrum is dominated 
by the prominent Co bands at 7.0 (20), 8.5, 17.4, 
and 18.9 um, and furthermore exhibits weaker 
features that are due to C79 (Fig. 1). 

Emission processes result in band intensities 
that are proportional to the Einstein A coefficients 
for spontaneous emission and to the population of 
the excited states. We scaled the experimentally 
obtained relative absorption coefficients for the 
C6 bands (1, 0.48, 0.45, and 0.378 for the bands at 
18.9, 17.4, 8.5, and 7.0 um, respectively) (2/, 22) to 
absolute values by adopting a value of 25 km/mol 
for the band at 8.5 um (23) and converted them 
to Einstein A coefficients. Using these, we cal- 
culated the population distribution over the ex- 
cited vibrational states from the total emitted power 
in each of the Cgo bands and found them to be 
consistent with thermal emission, in which case 
they are fully determined by a single parameter— 
the excitation temperature—which we derived to 
be ~330 K (19). The relative intensities of the in- 
frared Co bands in Tc 1 thus match what is ex- 
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pected for thermal emission at 330 K when using 
experimentally obtained absorption coefficients. 

It is well established from laboratory experi- 
ments that the peak wavelengths and bandwidths 
are temperature-dependent (24). The peak wave- 
lengths in Tc | agree, within uncertainty, with 
those found in laboratory experiments obtained at 
temperatures comparable to our derived excita- 
tion temperature (19, 25). We measured widths 
(full width at half maximum) of ~10 cm‘ for the 
bands at 18.9 and 17.4 um, which agrees with 
laboratory results (24-26); the bands at 7.0 and 
8.5 um are unresolved (79). We performed a sim- 
ilar analysis for the C7) bands using appropriate 
laboratory results (24, 27, 28) and obtained an 
excitation temperature of ~180 K (/9). 

For comparison, we used the derived excita- 
tion temperatures to construct thermal emission 
models for both molecules (Fig. 1). The corre- 
spondence between the laboratory-based emis- 
sion model and the observations supports the 
identification of these bands with fullerenes. The 
absence of the corresponding spectral features of 
fullerene cations or anions (e.g., 7.1 and 7.5 um 
for C5) implies that the fullerenes are in the 
neutral state. All infrared active bands of both 
species are fully accounted for in Tc 1; no other 
clear spectral features remain unidentified in the 
spectrum (/9). The environment of Tc 1 thus re- 
sults in a unique dust composition, but not in a 
wide variety of dust components. 

Our results suggest that the emission does not 
originate from free molecules in the gas phase, 
but from molecular carriers attached to solid ma- 
terial. With an effective temperature for the cen- 
tral object of ~30,000 K, the radiation field peaks 
for photon energies in the range 6 to 10 eV, which 
would result in excitation temperatures of 800 to 
1000 K for large gas-phase species. The much 
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Czo bands. The red and blue curves below the data are thermal emission 
models for all infrared active bands of Cgg and C79 at temperatures of 330 K 
and 180 K, respectively (19). We convolved the bands with a Gaussian profile 
(o = 2.55 cm ~ for all Czo bands, o = 4.5 cm“ for the Co bands in the SH/LH 
module, and o = 10 cm™ for those in the SL module). Apparent weak emis- 
sion bumps near 14.4, 16.2, 20.5, and 20.9 um are artifacts. The nature of 
the weak feature near 22.3 um is unclear because it appears differently in 


lower temperatures derived for the fullerenes thus 
imply that these species are in direct contact with 
a much cooler material. In this environment, the 
most likely solid material is the surface of the 
abundant carbonaceous grains present in the out- 
flow. These solids are in radiative equilibrium 
with the stellar radiation field, and thus their 
temperature is determined by the distance from 
the central object. If the fullerenes are in direct 
contact with this material, they must be at the 
same temperature and display a thermal popula- 
tion distribution over the excited vibrational states, 
such as we observe in Tc 1. The difference in 
temperature between Ceo and C79 then implies 
different spatial locations, with Ceo located closer 
to the illuminating source than C79. This could 
happen if C79 forms from C¢o as it moves out. 

The presence of only neutral fullerenes is in 
agreement with an origin on grain surfaces, in 
which case charge effects on individual mole- 
cules are unimportant. In contrast, gaseous Cg 
would be largely in cationic form in this environ- 
ment. Some observational support for an origin 
in the solid state is also provided by the broad and 
generally symmetric (Gaussian) band profiles. For 
gas-phase species, vibrational anharmonicities 
(and possibly ro-vibrational structure) would 
result in asymmetric bands. Only a small fraction 
of such gaseous material could be hidden in the 
observed bands. The absence of gas-phase spe- 
cies is puzzling and could indicate that the 
fullerenes form on (or from) the dust grains and 
never fully evaporate. 

On Earth, fullerenes can be synthesized by 
vaporizing graphite in a hydrogen-poor atmo- 
sphere that contains helium as a buffer gas. The 
fullerene formation process is very efficient, and 
C¢o 1s by far the dominant and most stable spe- 
cies among the large cluster population formed in 
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these experiments, followed by C7 (J0, 25). 
However, fullerene formation is inhibited by the 
presence of hydrogen (29, 30). The circumstellar 
environment of Tc 1 seems to be the astrophys- 
ical analog of such a laboratory setup. The dust is 
clearly carbonaceous—as is also expected from 
the overabundance of C in the gas phase, with a 
C/O ratio of ~3.2 (3/)}—but the absence of any 
H-containing species indicates that the dust envi- 
ronment must be very H-poor. About 5.8 x 10 8 
solar masses of pure Cgg and ~4.7 x 10 ® solar 
masses of Czq are required to reproduce the 
emission bands. The Spitzer IRS observations are 
sensitive to dust only at temperatures of at least 
~100 K, and given the measured expansion ve- 
locity of 20 km/s (32), this corresponds to mass 
loss from only the past 100 years. At the mea- 
sured carbon abundance (3/) and adopting a 
mass loss rate of 10 * solar masses per year, this 
means that each of the fullerene species repre- 
sents at least ~1.5% of the available carbon. This 
is roughly consistent with abundance estimates 
from the two DIBs associated with Ch (15) and 
matches the fraction of graphite that is converted 
into fullerenes in laboratory experiments (25). 
Fullerenes can also be created by photochemical 
processing of hydrogenated amorphous carbon 
(33). However, such processes generally also 
result in large amounts of PAHs, which are ab- 
sent in Tc 1. The role of photochemistry in the 
fullerene formation process in Tc | is thus unclear. 

The unusual circumstellar environment of Tc 
1 indicates that it must have ejected its entire 
hydrogen envelope at least a few thousand years 
ago, exposing the helium intershell material. Pre- 
sumably, a late thermal pulse then caused the 
ejection of this material, which now makes up the 
warm, dusty, and hydrogen-poor PN core where 
fullerenes are abundant. Tc 1 is thus not neces- 


sarily an unusual object, although we evidently 
have observed it during a short (and possibly 
unusual) phase. The presence or absence of hy- 
drogen in this type of carbon-rich environment 
then clearly determines whether the chemical 
pathways favor the formation of PAH molecules 
or fullerenes as large aromatic species. Within the 
context of carbon-rich PNe, the PAH route is gen- 
erally dominant; only those objects that complete- 
ly remove their hydrogen envelope and undergo 
a late thermal pulse can then create the hydrogen- 
poor environment where fullerenes flourish. 
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Real-Time Dynamics of Single Vortex 
Lines and Vortex Dipoles in a 
Bose-Einstein Condensate 


D. V. Freilich,* D. M. Bianchi,t A. M. Kaufman,¢ T. K. Langin, D. S. Hall§ 


Understanding the behavior of quantized vortices is essential to gaining insight into diverse superfluid 
phenomena, from critical-current densities in superconductors to quantum turbulence in superfluids. 
We observe the real-time dynamics of quantized vortices in trapped dilute-gas Bose-Einstein condensates 
by repeatedly imaging the vortex cores. The precession frequency of a single vortex is measured by 
explicitly observing its time dependence and is found to be in good agreement with theory. We further 
characterize the dynamics of vortex dipoles in two distinct configurations: (i) an asymmetric configuration, 
in which the vortex trajectories are dynamic and nontrivial, and (ii) a stable, symmetric configuration, 


in which the dipole is stationary. 


uantized vortices are topological defects 
that carry angular momentum and are 
among the most conspicuous character- 
istics of a superfluid (/, 2). Although superfluid 
phenomena have been recognized for more than 


a century, it is only in the past few decades that 
the motion of quantized vortex lines has been 
detected in real time through magnetic resonance 
techniques, including the precession of a single 
vortex line (3), the propagation of vortices from a 


rotating superfluid into a nonrotating superfluid 
(4, 5), and the phase transition of vortex lines into 
vortex sheets (6). The dynamical behavior of quan- 
tized vortex lines has also been imaged directly in 
real time in superfluid helium (7) and type II 
superconductors (8). These studies have yielded 
a wealth of information about how vortices in- 
fluence superfluid behavior through their pin- 
ning, transport, and reconnection properties. 
Dilute-gas Bose-Einstein condensates (BECs) 
(9-11) are a natural choice for fundamental studies 
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of superfluid vortex dynamics, because they are 
highly controllable and can be described by trac- 
table theories (/2). Real-time vortex dynamics 
have been studied indirectly through an examina- 


Fig. 1. (A) A small fraction 
(typically 5%) of the 
trapped condensate (red 
dot) is extracted by a brief 
microwave pulse (green ar- 
rows) that transfers it to an 
untrapped state at time fy. 
No longer confined and sup- 
ported against gravity (g), 
the extracted atoms fall and 
expand in a magnetic field 
gradient B’ (light blue), at 
which point they are absorp- 
tively imaged from below 
(red arrow). (B) Several 
images from the same con- 
densate, in units of optical 
depth, showing the counter- 
clockwise precession of a vor- 
tex line. (Bottom) Image of 
the remnant condensate af- 
ter release and expansion. (C) 
Atomic density distributions 
of atoms viewed from the 
side 13 and 23 ms after the 
microwave pulse. (Bottom) Side 
view of a remnant condensate 
containing a single vortex line. 
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tion of condensate collective excitations (/3, 14); 
to date, however, experiments have generated, at 
most, two sequential images of individual vortex 
lines (13, 15). The primary challenge to observ- 
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Fig. 2. Quantitative analysis of typical vortex precession data. (A) (Upper row) Images of the extracted 
atoms (in units of optical depth) at eight time points. (Lower row) Best fits to the surface profile. (B) 
Dependence of 5 on time (squares), along with the best fit to a second-order polynomial (black line). The 
sense of precession is unambiguously determined by comparing the image taken at 630 ms with that of 
the remnant condensate at 655 ms (C), which are separated by a shorter time interval. 


ing vortices in a trapped condensate is that the 
radius of a vortex core is ordinarily several times 
smaller than the wavelength of light used for 
imaging, making direct, in situ observation dif- 
ficult. Extinguishing the trapping potential and 
permitting the condensate to expand to a point at 
which vortex lines can be resolved (/6), on the 
other hand, irrevocably disrupts the time evolu- 
tion. Despite substantial recent progress (/7), 
reproducing precisely the initial conditions of the 
vortices also remains challenging. 

We observe detailed, real-time vortex dynam- 
ics in condensates with net topological charge 
plus or minus one, or zero, employing an imag- 
ing technique that generates a sequence of images 
of individual vortex lines from a trapped conden- 
sate. The imaging method is outlined in Fig. 1A 
and involves repeatedly extracting, expanding, 
and imaging small fractions (1 to 10%) of the 
condensate across its entire spatial extent (78). Our 
apparatus has been described elsewhere (/8, 19). 
For reference, we note that the confining poten- 
tial of the magnetic trap is axisymmetric, with its 
axis parallel to gravity; the ratio of axial to radial 
trap frequencies is /8:1 (20), yielding oblate 
(pancake-shaped) condensates. 

The single-shot nature of our imaging method 
opens up a wide variety of new vortex-dynamics 
experiments, including those in which the vortices 
are generated irreproducibly or even stochasti- 
cally (2/), as they are in this work. Our vortices 
arise during evaporation via a Kibble-Zurek mech- 
anism (22, 23), in which the rapid quench of a 
cold thermal gas through the BEC phase transi- 
tion results in the formation of topological defects 
(21, 24, 25). With our evaporation parameters, 
we obtain, on average, a vortex line in one of ev- 
ery three or four experimental runs, and we ob- 
serve vortices of topological charge +1 (see 
below) in roughly equal number. The observed 
vortex lines are parallel to the symmetry axis of 
the trap, and we have seen no convincing evi- 
dence of bent or tilted lines. 

A sequence of images derived by extracting 
5% of the atoms from a single condensate at 23- 
ms intervals is shown in Fig. 1B, along with the 
image of the released remnant condensate. The 
vortex line, viewed along its axis, appears clearly 
in each of the images as a roughly circular min- 
imum in the atomic density (/6). As a function of 
time, the vortex line precesses in a counterclock- 
wise sense about the center of the atomic density 
distribution. We immediately infer its topological 
charge, or sense of circulation, which is the same 
as its sense of precession (26). The extracted 
sample interacts briefly with the remaining trapped 
condensate as it falls, modifying its axial density 
profile (Fig. 1C). Although such interactions hin- 
der a three-dimensional reconstruction of the vor- 
tex line, we note that vortex lines are not usually 
visible in the axial profile, even in the image of 
the remnant condensate after expansion (Fig. 1C, 
bottom panel). Fortunately, interactions between 
trapped and untrapped atoms are not observed to 
affect the radial density profile. 
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Quantitative information about vortex motion 
is obtained by fitting the images to a surface con- 
sisting of a Gaussian superimposed on a parab- 
ola; the former captures the center of the vortex 
line, and the latter captures the center and radial 
extent of the extracted atoms, which retain an 
approximately Thomas-Fermi profile after expan- 
sion. Together, these quantities yield the polar 
coordinate of the vortex line (79,05). The image 
and fit to the remnant condensate also yield final 
observables such as the number of atoms N, the 
radial extent of the expanded condensate R*, and 
the temperature T. A typical data set and its ac- 
companying fits are shown in Fig. 2A. In all of 
the data we present, there is no discernible ther- 
mal component (7/7, < 0.4, where 7, is the 
Einstein condensation temperature at which the 
BEC phase transition occurs). 

The behavior ofa solitary precessing vortex is 
an important benchmark for studies of vortex 
dynamics in a BEC. The core of a vortex line is a 
region of vanishing atomic density within the 
inhomogeneous density profile of the condensate; 
it therefore experiences a radial (outward) buoy- 
ant force. In addition, it experiences a gyroscopic 
Magnus force directed perpendicular to the di- 
rection of fluid flow. These forces lead to circular 
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precession of the vortex line about the center of 
the condensate (26, 27). Vortex precession in a 
dilute-gas condensate was first observed directly 
ina landmark experiment a decade ago (/5), with 
the use of a method that identified the position of 
a single vortex core at two distinct times. The ex- 
periment achieved a precision of a few percent af- 
ter averaging many such measurements and matched 
the theoretical precession frequency to ~10%. 

Our precession-frequency measurements achieve 
a precision of a few percent in a single sequence 
of images. Moreover, we can easily observe any 
time dependence that arises from processes such 
as interactions with thermal atoms or reduction in 
atom number. In Fig. 2B, we plot 9 as a function 
of time to extract the precession frequency 09. 
The reduction in atom number is nonnegligible 
(see below); we therefore fit the data to a quadrat- 
ic polynomial as an elementary correction for the 
small degree of expected change in 6%. For the 
data set of Fig. 2, we find) = 2n - 3.67 (6) Hz 
at time t = 655 ms, increasing 16(4)% from a 
value of 27:3.17(13) Hz at t= 0 ms. 

The predicted precession frequency for a 
straight vortex line in a disk-shaped condensate 
confined in a nonrotating axisymmetric trap may 
be written (28) 
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Fig. 3. Examples of the asymmetric vortex-dipole configuration. (A) Images of the atomic density in 
units of optical depth (OD). (B) Fit positions of the vortex lines in polar coordinates. The outer and inner 
vortex positions are designated by the open and solid circles, respectively, and the colors correspond to 
the image frames in (A). The directed lines indicate an estimate of the motion of the vortex lines and are 
intended to guide the eye. (C) Same as in (B) for the second data set (D). Each image is 100 um per side. 
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where @, and @, are the radial and axial trap 
frequencies, respectively; is the chemical 
potential; ro is the radial coordinate of the 
vortex line; R, is the radial Thomas-Fermi 
extent of the condensate; and fi is Planck’s 
constant h divided by 2x. The predicted 
precession frequency depends on N, largely 
through the chemical potential 1p oc N?”. 
Eight images, each extracting 5% of the atoms 
from the condensate, reduce the number of 
atoms by one-third. Atoms are also lost on a 
longer time scale to dipolar relaxation and 
three-body recombination (29). Together, ex- 
traction and loss leave us with ~60% of the 
initial sample by 655 ms (/8). 

We use our measured trap frequencies [ {,.,@.} = 
2n + {35.8(2),101.2(5)} Hz (/8)], uw =A - 1.30(6) 
kHz for N = 3.5(4) x 10° atoms and rp/R, = 
ro /Ri = 0.36(2), assuming linear scaling during 
expansion (/5, 30), to obtain a predicted frequency 
oo = 2n - 3.7(2) Hz at ¢ = 655 ms, in good 
agreement with the measured value. We further 
note that 9 increases by 18% for the change of 
N considered, which is also in good agreement with 
the observed increase in ¢. The agreement be- 
tween measured and predicted precession frequen- 
cies is maintained at the ~5% level in experiments 
with a variety of different N and ro /R* values. 

We also study the more complicated dynamics 
of two interacting vortices, which we observe in a 
few percent of our condensates. Vortices of op- 
posite topological charge, or vortex dipoles (/7), 
dominate our observations. Dipoles typically sur- 
vive the evaporative quench in one of two con- 
figurations. The first is spatially asymmetric (Fig. 
3), with one vortex line near the center of the 
condensate and the other close to the periphery. 
The vortex lines exert forces on one another that 
vary with their relative separation and positions 
within the condensate, substantially complicating 
their trajectories. Nevertheless, our imaging meth- 
od yields a representation of their motion. 

Whereas the inner vortex line can move along 
paths resembling precessing ellipses (Fig. 3, C 
and D), the outer vortex line continues to follow a 
roughly circular trajectory at an average speed 
that is markedly less than that of a solitary pre- 
cessing vortex at the same radius. For the data 
sets shown in Fig. 3, where the average number 
of atoms Navy ~ 0.5 x 10° and r§ ~ 0.5R*, the ex- 
pected average period of precession for a sol- 
itary vortex line is 2n(}) | ~ 260 ms (Eq. 1). 


Fig. 4. Images of a sta- 
tionary vortex dipole in 
units of optical depth. 
Each image is 100 um 
per side. 
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This is considerably shorter than the observed av- 
erage period of ~400 ms of the outer vortex line. 
The effect may be explained by noting that the 
outer vortex line experiences an additional inward 
Magnus force due to the countercirculating flow 
generated by the inner vortex line. Thus, the outer 
vortex line is not required to move as swiftly to 
maintain its approximately circumferential mo- 
tion. (In the presence of an inner vortex line of the 
same topological charge, the outer vortex line 
would increase its speed.) 

A particularly compelling demonstration of the 
second, symmetric dipole configuration is shown 
in Fig. 4. This unusual, time-independent topolog- 
ical structure is a stationary vortex dipole (3/—33), 
the simplest example of a stable vortex cluster in 
an inhomogeneous superfluid. The stationary vor- 
tex dipole arises at the particular vortex separa- 
tion distance (dsep) at which the Magnus and 
buoyant forces on each vortex line balance. We 
find that d,., is essentially constant for N ~ 4 
to 6 x 10°, the range of atomic number in the 
sequence shown. Averaging the nine measure- 
ments of dep from the images shown in Fig. 4, 
we find deep = 0.432(17) Ri. Published pre- 
dictions for d.., (32, 33) consider only small, 
weakly interacting systems in two dimensions, 
unfortunately precluding a straightforward com- 
parison with this measurement. 

Small perturbations from the stationary—vortex- 
dipole configuration are predicted to display a 
variety of rich behavior, including oscillations of 
the vortices about their equilibrium positions and 
a slow precession of the vortices around their axis 
of symmetry (33). Although a systematic exper- 
imental study of this state is difficult due to its low 
probability of formation, our imaging method 
can, in principle, be combined with other experi- 
mental techniques that consistently generate this 
or other related (/7) topological structures. 


Future experiments may examine in detail the 
dynamics of one-, two-, and many-vortex sys- 
tems, from their formation during evaporation to 
their termination at the edge of the condensate 
(28). For single vortices, the dependence of vor- 
tex precession frequencies on the many tunable- 
system parameters, including temperature and 
interatomic interaction strength, will permit a close 
test of theory under a variety of interesting experi- 
mental conditions. For vortex dipoles and particu- 
larly stationary vortex dipoles, a wealth of predicted 
interaction dynamics becomes experimentally ac- 
cessible (33). We expect that dynamical studies 
of more complicated vortex configurations will 
be particularly fruitful, from individual vortex mo- 
tion in disordered arrays to collective behavior in 
regular lattices (see fig. S1), as well as in the transi- 
tions between the two. These fundamental studies 
promise to deepen our understanding of the impor- 
tant roles that quantized vortices play in diverse 
superfluid phenomena, including critical-current 
densities, resistance, and quantum turbulence. 
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Plastic Accumulation in the North 
Atlantic Subtropical Gyre 


Kara Lavender Law,?* Skye Morét-Ferguson,* Nikolai A. Maximenko,? Giora Proskurowski,”’2 
Emily E. Peacock,” Jan Hafner,* Christopher M. Reddy” 


Plastic marine pollution is a major environmental concern, yet a quantitative description of the 
scope of this problem in the open ocean is lacking. Here, we present a time series of plastic content 
at the surface of the western North Atlantic Ocean and Caribbean Sea from 1986 to 2008. More 
than 60% of 6136 surface plankton net tows collected buoyant plastic pieces, typically millimeters 
in size. The highest concentration of plastic debris was observed in subtropical latitudes and 
associated with the observed large-scale convergence in surface currents predicted by Ekman 
dynamics. Despite a rapid increase in plastic production and disposal during this time period, no 
trend in plastic concentration was observed in the region of highest accumulation. 


lastics are a major contaminant in the 
Pre oceans. Their chemically engi- 
neered durability and slow rate of biodeg- 


radation (/) allow these synthetic polymers to 
withstand the ocean environment for years to 


decades or longer (2). Environmental impacts of 
ocean plastic are wide-ranging (3) and include 
entanglement of marine fauna (4), ingestion by 
seabirds and organisms ranging in size from 
plankton to marine mammals (4, 5), dispersal of 


microbial and colonizing species to potentially 
non-native waters (6, 7), and concentration and 
transport of organic contaminants to marine or- 
ganisms at multiple trophic levels ($—/0). In the 
open ocean, the abundance, distribution, and tem- 
poral and spatial variability of plastic debris are 
poorly known, despite an increasing awareness 
of the problem. Although high concentrations of 
floating plastic debris have been found in the 
Pacific Ocean (//—/4), only limited data exist to 
quantify and explain the geographical range and 
integrated plastic content. In the Atlantic Ocean, 
the subject has been all but ignored since the 
earliest studies of marine debris (/5—7). 


4sea Education Association, Post Office Box 6, Woods Hole, 
MA 02543, USA. “Department of Marine Chemistry and Geo- 
chemistry, Woods Hole Oceanographic Institution, 266 Woods 
Hole Road, Woods Hole, MA 02543, USA. *International Pa- 
cific Research Center, School of Ocean and Earth Science 
and Technology, University of Hawai'i, Honolulu, HI 96822, 
USA. 


*To whom correspondence should be addressed. E-mail: 
klavender@sea.edu 


www.sciencemag.org SCIENCE VOL 329 3 SEPTEMBER 2010 


Downloaded from www.sciencemag.org on September 2, 2010 


1185 


REPORTS 


1186 


Here, we present an analysis of 22 years of 
ship-survey data collected in the western North 
Atlantic Ocean and Caribbean Sea. We examine 
the abundance, spatial distribution, and temporal 
variability of plastic debris from samples col- 
lected and archived by more than 7000 under- 
graduate students and faculty scientists at Sea 
Education Association (SEA) from October 1986 
to December 2008. More than 6100 surface plank- 
ton net tows were conducted onboard SEA’s sail- 
ing research vessels, from which more than 64,000 
plastic pieces were hand-picked and enumerated 
C8, 19). 

Sixty-two percent of all net tows contained 
detectable amounts of plastic debris. The highest 
plastic concentrations were observed between 22° 
and 38°N (Fig. 1 and figs. S1 and S2), where 
83% of total plastic pieces were collected. The 
largest sample collected in a single 30-min tow 
was 1069 pieces at 24.6°N, 74.0°W in May 1997, 
equivalent to 580,000 pieces km. The maxi- 
mum sample size reported in Atlantic studies 
from the 1970s ranged from 12,000 pieces km” 
(15) to 167,000 pieces km (/6). Comparative- 
ly low plastic concentrations were measured in 
tows closest to land, such as along the Florida 
coast and Florida Keys, in the Gulf of Maine, 
and near Caribbean islands. The average plastic 
concentration measured within the Caribbean 
Sea was only 1414 + 112 pieces km °, while that 
in the Gulf of Maine was 1534 + 200 pieces km ~, 
both more than an order of magnitude lower than 
the average concentration near 30°N (20,328 + 
2324 pieces km, 29° to 31°N). Although in our 
study region the latitudinal bounds of the highest 
plastic concentration are well defined, the eastern 
extent has not yet been determined because of a 
lack of direct observations. 

The region of highest plastic concentration is 
clearly associated with the large-scale subtropical 
convergence in the surface velocity field created 
by wind-driven Ekman currents and geostrophic 
circulation (Fig. 2). This convergence zone, in- 
dicated by converging streamlines and current 
velocities less than 2 cm s"!, extends across most 
of the subtropical North Atlantic basin (20) and 
coincides with the highest observed plastic con- 
centrations. This correspondence not only ex- 
plains the plastic distribution but also illustrates 
how floating debris acts as a tracer of large-scale 
mean surface currents. 

While the convergence acts to concentrate 
floating debris, the geographic origin of the de- 
bris cannot be easily determined from current 
patterns or from the recovered plastic samples 
themselves. To address this question, we used 
data from satellite-tracked drifting surface buoys 
(drifters) (27) to examine pathways into and out 
of the “central region” of high plastic concentra- 
tion (26° to 34°N, 60° to 70°W). Of 1666 drifters 
broadly deployed in the North Atlantic (0° to 
TON, 0° to 90°W) from 1989 to 2009, 24 drifters 
were deployed in the central region and 116 others 
passed through this region. The trajectories of 
these “central region” drifters were strongly con- 
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fined to the western subtropical gyre; before enter- 
ing the central region, 66% (92 drifters) originated 
west of 50°W and between 18° and 42°N, where- 
as only 10% (14 drifters) ultimately drifted out- 
side of this area (fig. S3). This suggests that 
floating plastic debris, similarly transported by 
surface currents, may have originated in the sub- 
tropical western North Atlantic where currents 
also act to retain it. This is further supported by a 
numerical model based on drifter statistics (22). 
The model was initialized with a homogeneous 
concentration of a passive tracer and integrated 
forward in time. After 10 years, the tracer con- 
verged in the North Atlantic subtropical gyre 
with a maximum concentration 15 times its ini- 
tial value. This convergence, centered at approx- 
imately 30°N, directly corresponds to the observed 
high plastic accumulation region (fig. S2). 

Further, the model indicates that the min- 
imum time for surface tracer (i.e., drifter or plastic) 
to reach the collection center from the U.S. east- 
ern seaboard is less than 60 days, at least half the 
time required to travel from Europe or Africa. 
The influence of the Gulf Stream is particular- 
ly evident in some of the fastest propagation 
times—40 days from Washington, D.C., and Mi- 
ami, Florida, for example—in which tracer trav- 
eled along the coast before entering the gyre 
interior. Although not indicative of the size or 
location of land-based sources, or of the age of 
debris, these estimates demonstrate how quickly 
plastic entering the ocean near major U.S. pop- 
ulation centers could affect an area more than 
1000 km offshore. 

We observed no strong temporal trends in plas- 
tic concentration in the 22-year data set (Fig. 3). 
Large interannual variability was observed within 
the high plastic concentration region, and a lin- 
ear fit to annual mean plastic concentration had 
a slope not different from zero (—20 + 217 pieces 


km” year '; * = 0.00, P > 0.1). Although the 
average concentration in this region did show a 
statistically significant increase from the 1990s 
to 2000s (P = 0.0097, 962 DOF), this increase 
disappeared when concentrations greater than 
200,000 pieces km (less than 1% of values) 
were removed (P = 0.6947, 1382 DOF). To ad- 
dress a potential sampling bias, the analysis was 
also performed with data from the most spatially 
consistent, annually repeated cruise track from 
Woods Hole, Massachusetts, to St. Croix, U.S. 
Virgin Islands. In this case, a weak but not sta- 
tistically significant decreasing trend (-S73 + 
265 pieces km year '; 7* = 0.21, P > 0.1) was 
observed in the high plastic concentration re- 
gion (fig. S4). Although the nonuniform sam- 
pling in this data set cannot resolve short spatial 
or temporal scale variability, no robust trend was 
observed in the broadest region of plastic accu- 
mulation on interannual time scales and longer. 

Although no direct estimates of plastic input 
to the ocean exist, the increase in global produc- 
tion of plastic materials [fivefold increase from 
1976 to 2008 (23)] together with the increase in 
discarded plastic in U.S. municipal solid waste 
(MSW) [fourfold increase from 1980 to 2008 
(24) (Fig. 3)] suggest that the land-based source 
of plastic into the ocean increased during the study 
period. Ocean-based sources may have decreased 
in response to international regulations prohib- 
iting dumping of plastic at sea (25). Given the 
measured steady plastic concentration in the west- 
em North Atlantic, loss terms must exist to off 
set the presumed increase in plastic input to the 
ocean. 

A change in the type of plastic material en- 
tering the ocean could affect the observed amount 
of floating debris. Density analysis of plastic sam- 
ples collected at the sea surface revealed that 
99% were less dense than seawater, and ele- 


Fig. 1. Distribution of plastic ma- 
rine debris collected in 6136 sur- 
face plankton net tows on annually 
repeated cruise tracks from 1986 
to 2008 in the western North At- 
lantic Ocean and Caribbean Sea. 
Symbols indicate the location of 
each net tow; color indicates the 
measured plastic concentration in 
pieces km ~. Black stars indicate 
tows with measured concentration 
greater than 200,000 pieces km. 
Symbols are layered from low to 
high concentration. 
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mental analysis indicated properties consistent 
with the buoyant plastic materials high- and low- 
density polyethylene, and polypropylene (26). 
Between 1993 and 2008, a 24% increase in dis- 
carded buoyant plastics was estimated in U.S. 
MSW, totaling 14.5 million tons in 2008 (24, 27). 
Assuming that plastic input into the ocean fol- 
lowed a similar trend, a measurable increase in 
floating plastic is expected. 

Industrial resin pellets, the “raw material” of 
consumer plastic products, are an additional source 
of plastic to the ocean. In 1991, in response to a 
USS. Environmental Protection Agency (EPA) study 
(28), the plastics industries voluntarily instituted 
a program to prevent or recapture spilled pellets 
(29). Between 1986 and 2008, we observed a sta- 
tistically significant decrease in the average con- 
centration of resin pellets in the entire region 
sampled (-32 + 4 pieces km year '; r? = 0.79, 
P<0.01); however, the pellet concentration was 
only a small fraction of the total plastic material 


Fig. 2. Average plastic concentra- 
tion (color shading, units of pieces 
km) computed in 0.5° bins and 
smoothed with a 700-km width 
Gaussian filter. Black line indicates 
the 2 cm s~ contour of the 10-year 
(1993 to 2002) mean surface circu- —40°N 
lation (Ekman and geostrophic com- 

ponents), which was computed using 

data from drifters, satellite altimetry, 

hydrographic profiles, and reanalysis 

winds, and assuming a surface hor- — aq-n Le 
izontal momentum balance [data : 
from figure 2b in (20)]. The highest 

plastic concentration is encompassed 

by the velocity contour, which is 

indicative of the subtropical conver- 20°N 
gence. This strong correspondence 
suggests that the convergence acts 
to concentrate plastic debris and dem- 
onstrates that floating plastic acts 
as a tracer of large-scale mean sur- 
face currents. The estimated total 
amount of plastic in the domain is 
8 x 10°° pieces or 1100 metric tons, 


collected (annually averaged concentration ranged 
from 200 to 1000 pellets km, or 1 to 16% of 
total pieces). This trend suggests that efforts to 
reduce plastic input at a land-based source may 
be measurably effective. 

Spatial and temporal variability in surface 
ocean currents could result in an export of debris 
from the high concentration region in anoma- 
lous currents or eddies, or could alter the distribu- 
tion through a shift in the large-scale circulation 
pattern. The convergence of modeled tracer into 
the subtropical gyre suggests a long residence time 
(10 to 100 years) (22), and therefore a relatively 
small removal by anomalous currents. Long-term 
shifts in the large-scale circulation pattern are 
driven by changes in wind forcing. Surface wind 
estimates (30) during three intervals spanning the 
study period (1988 to 1992, 1995 to 1999, and 
2004 to 2008) showed only small variations in 
wind speed and direction across the North At- 
lantic. Therefore, it is unlikely that ocean circula- 


plastic 


60°W 50°W 


computed by integrating the contoured field (concentrations >2500 pieces km“) and multiplying by the 
average mass (1.36 x 10° kg) of measured plastic pieces (26). 
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concentration in the region of high- § 
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municipal solid waste stream (24). = 
Despite a strong increase in discarded £,,. | b- 
. . oo" 

plastic, no trend was observed in 9 Ff 
plastic marine debris in the 22-year 8, , | 
data set. 2 

e 

50.5 

o 

a 

£ 

og (0) 

Z 1985 


1990 1995 2000 2005 


Year 


REPORTS 


tion could account for an export of plastic from 
the region large enough to offset the presumed 
increase in input. 

Possible sinks for floating plastic debris in- 
clude fragmentation, sedimentation, shore depo- 
sition, and ingestion by marine organisms. In the 
marine environment, photodegradation and oxi- 
dative and hydrolytic degradation cause many 
common plastics to become embrittled and suffer 
mechanical breakdown on time scales of months 
(31, 32). Analysis of a subset of samples (26) in- 
dicated that 88% were less than 10 mm in largest 
dimension, and most had characteristics suggest- 
ing physical deterioration such as brittleness, 
rough edges, or cracks. It is likely that plastic 
pieces ultimately become small enough to pass 
through the 335-um mesh net used in this study, 
although the rate of mechanical degradation is 
not expected to vary on the time scale of the 
study. 

In ocean conditions, the density of buoyant 
plastic debris may increase over time due to rapid 
biofilm formation and subsequent aggregation 
of fouling organisms (26, 33). Elemental analysis 
of plastic samples revealed the presence of ni- 
trogen (26), which is absent in virgin polyethyl- 
enes and polypropylene and thus indicative of 
bioaccumulation. The fate of plastic particles that 
become dense enough to sink below the sea sur- 
face is unknown, and we are unaware of any 
studies of seafloor microplastics offshore of the 
continental shelf. However, analysis of particle 
trap data in the center of the high plastic region 
near Bermuda shows no evidence of plastic as a 
substantial contributor to trapped sinking ma- 
terial at depths of 500 to 3200 m (34). 

Plastic debris is a common feature of beaches 
on the U.S. east coast (26, 35) and on island 
beaches in Bermuda (/7, 36) and the Bahamas 
(17). However, there are no published records of 
temporal trends in island beach deposition, and 
10-year records from U.S. east coast beaches 
show regionally variable seasonal and long-term 
trends in marine debris (35). Finally, ingestion 
of plastic debris has been well documented in 
seabirds and large marine animals (4), and ma- 
nipulative feeding experiments have revealed 
ingestion of microplastics by much smaller or- 
ganisms (5, 37). Because the cohort of pelagic 
organisms that ingest plastic, their ingestion rates, 
and the fate of ingested plastics are unknown, it 
is impossible to estimate the size of this sink. 

A study of plastic microdebris in waters from 
the British Isles to Iceland (5) revealed a statis- 
tically significant increase in plastic abundance 
from the 1960s and 1970s to the 1980s and 1990s. 
However, similar to this study, no significant in- 
crease was observed between the later decades 
despite a large increase in plastic production and 
disposal. Together, our studies illustrate how poor- 
ly constrained are the sources and sinks of plastic 
debris in the ocean. The 22-year data set presented 
here provides evidence that floating plastic de- 
bris acts as a passive tracer of ocean circula- 
tion, accumulating in the large-scale subtropical 
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convergence as predicted by ocean physics. This 
analysis provides an important baseline for fu- 
ture monitoring efforts, as well as a quantitative 
assessment to accurately inform the public and 
policymakers of the scope of this environmental 
problem. 
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Graphene Visualizes the First 
Water Adlayers on Mica at 


Ambient Conditions 


Ke Xu,*t Peigen Cao,* James R. Heatht 


The dynamic nature of the first water adlayers on solid surfaces at room temperature has made the 
direct detection of their microscopic structure challenging. We used graphene as an atomically 
flat coating for atomic force microscopy to determine the structure of the water adlayers on mica at 
room temperature as a function of relative humidity. Water adlayers grew epitaxially on the 
mica substrate in a layer-by-layer fashion. Submonolayers form atomically flat, faceted islands 

of height 0.37 + 0.02 nanometers, in agreement with the height of a monolayer of ice. The second 
adlayers, observed at higher relative humidity, also appear icelike, and thicker layers appear 
liquidlike. Our results also indicate nanometer-scale surface defects serve as nucleation centers for 
the formation of both the first and the second adlayers. 


ater coats all hydrophilic surfaces un- 
der ambient conditions, and the first 
water adlayers on a solid often dom- 
inate the surface behavior (/—4). Although scan- 
ning tunneling microscopy (STM) and other 
ultrahigh vacuum surface characterization tech- 
niques have been extensively used to study water 
(ice) adlayers on solids at cryogenic temperatures 
(, 2), such techniques are not applicable to 


room-temperature studies because of the high 
vapor pressure of water (2, 3). Various optical 
methods have been used at ambient conditions to 
probe the averaged properties of water adlayers 
over macroscopic areas (3, 5-7). Atomically 
resolved studies have remained challenging. For 
example, although thin ice layers have been 
studied with atomic force microscopy (AFM) 
below freezing temperatures (8, 9), reliable AFM 


imaging of water adlayers under ambient 
conditions is confounded by tip-sample interac- 
tions (2). For example, the capillary menisci 
formed between the tip and the sample strongly 
perturb the water adlayers on solids (/0). 

Scanning polarization force microscopy (SPFM) 
has been used to image water adlayers (2, //, 12). 
For SPFM, the tip-sample distance is kept at tens 
of nanometers. By briefly contacting the tip on a 
mica surface to induce capillary condensation, 
metastable islandlike structures were observed in 
SPFM images. These islands were interpreted as 
a second adlayer on a monolayer of water (2, /2). 
However, the lateral resolution of SPFM is rel- 
atively low, and the measured apparent heights 
reflect local polarizability instead of actual heights. 
Furthermore, the structure of the first adlayer was 
not observed, likely because of the low lateral 
resolution and/or the dynamic nature of the first 
adlayer (12). 
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Here, we report on the use of monolayer 
graphene sheets as ultrathin coatings for enabling 
an AFM study of the first water adlayers on mica. 
Sputtered carbon is commonly used to coat bio- 
logical systems, such as cells, for electron micros- 
copy imaging. The carbon enables the imaging 
experiments by providing a protective (and con- 
ductive) coating. The graphene coating used here 
plays a somewhat similar role; graphene can tight- 
ly seal what are otherwise elusive adlayers and, 
stably “fix” the water adlayer structures, thus 
permitting the detection of the structure of the 
first water adlayers under ambient conditions. 
Humidity-dependent experiments further reveal 
how the structure of the water adlayers evolves at 
the nanometer and molecular scale. 

Graphene sheets were deposited onto the (001) 
surface of muscovite mica through the standard 
method of mechanical exfoliation of Kish graph- 
ite flakes (/3, 14). We readily identified graphene 
monolayers, as well as bilayers and multilayers, 
on mica through a back-illuminated optical mi- 
croscope [the mica substrate is translucent, and 
the graphene layers absorb white light (/5); see 
fig. S1 (/6)]. The numbers of graphene layers 
were unambiguously confirmed through spatially 
resolved Raman spectroscopy (17, /8) (fig. S2). 

In Fig. 1, we present typical AFM images of 
graphene deposited on mica at ambient conditions 
[room temperature; relative humidity (RH) ~ 40%]. 
In agreement with a recent study (/4), we found 
that graphene sheets spread atomically flat on 
mica over areas of 100 to 200 nm on a side (fig. 
S6). Over larger areas, however, islandlike pla- 
teaus varying from a couple nanometers to a few 
micrometers in lateral size were observed across 
all the graphene samples (Fig. 1 and figs. S3 and 
S5). These plateaus appear atomically flat (fig. 
S6), and plateaus from different samples have the 
same height of 0.37 + 0.02 nm (SE) (Fig. 1, E and 
G) regardless of the lateral dimensions. Although 


Cc 


dotlike thicker features were occasionally present, 
no plateaus with heights smaller than ~0.35 nm 
were observed. 

The observed plateaus are not flakes of graphene 
or mica layers; such structures were not observed 
on the exfoliated surfaces of graphite and mica or 
graphene deposited on SiO> substrates (fig. S3). 
In addition, the ~0.37-nm height is not consistent 
with the layer thicknesses of graphene (0.335 nm) 
or mica (0.99 nm), and, as described below, the 
structures themselves depended on the RH of the 
experimental conditions. For the case in which 
the edge of a monolayer graphene sheet is folded 
undereath itself (Fig. 1, F and G), a ~0.34-nm 
step height was observed for the folded graphene, 
whereas the same ~0.37-nm height was observed 
for plateaus both in and out of the folded region. 
Plateaus with the same height were also observed 
in bilayer graphene sheets, and the plateaus ap- 
peared to be continuous across monolayer-bilayer 
borders (fig. S3). Our phase images further in- 
dicated that the plateau structures were under the 
graphene sheets (fig. S4). Plateaulike structures a 
few tenths of nanometers in height have been 
noticed for multilayer graphene on mica and 
were also identified as gases or moisture trapped 
under graphene (/9). Indeed, albeit only one atom 
thick, monolayer graphene is known to be robust 
and impermeable to liquid and gas (20, 2/). 

The observation of atomically flat plateaus 
that have well-defined heights and depend on the 
RH indicates that the observed structures are not 
random gas molecules trapped between the 
graphene and mica surfaces but instead are or- 
dered water adlayers (Fig. 1A). Previous SPFM 
studies have observed water layers on mica sur- 
faces forming two-dimensional islands tens of 
nanometers to several micrometers in lateral size 
(2, 11, 12). The shapes and size distribution of 
those water islands are in good agreement with 
the trapped structures in Fig. 1, except that the 


D 
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presence of water islands smaller than a few tens 
of nanometers were not previously known, likely 
because of the ~10-nm lateral resolution of SPFM. 
The heights of the water islands were also not 
accurately determined with SPFM. The ~0.37-nm 
height we measured is in good agreement with 
the height of a monolayer of a “puckered bilayer” 
of ice (c/2 = 0.369 nm, where c is the lattice 
constant indicated in Fig. 1B) (22), a widely 
assumed model for how water molecules arrange 
in the first adlayer on a solid (/, 4, 23). 

We emphasize that, although morphological- 
ly similar, the islands observed in the previous 
SPFM studies were the second water adlayer ar- 
tificially induced on top of the first adlayer (2, /2). 
The nature of the first adlayer was largely un- 
known because of the high mobility of water 
molecules at room temperature (/2). As will be- 
come more evident in the RH-dependent experi- 
ments (Figs. 2 and 3), the plateaus we observed 
on samples prepared at ambient conditions (Fig. 1) 
are the first water adlayer on the mica surface: 
The second adlayer appears only with high fre- 
quency at RH >~ 90%. For our case, graphene 
serves as an ultrathin coating that locks the first 
water adlayer into fixed patterns for AFM imag- 
ing. The fixed patterns are remarkably stable: 
Besides preventing any appreciable changes of 
morphology during the several hours of our AFM 
operation, we found that the patterns are stable 
for weeks under ambient conditions (fig. S5). 
However, the water adlayer can become mobile 
again when the mica substrate is subjected to ex- 
tensive bending (fig. S5). Bending causes shear 
and displacement of graphene on the mica sur- 
face, thus releasing the locked water. The adlayer 
reorganizes accordingly, reflecting its dynamic 
nature. 

The boundaries of the islands formed by the 
first water adlayer often exhibited fascinating 
polygonal shapes with preferred angles of ~120°. 
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Fig. 1. Graphene visualizes the first water adlayer on mica surface at ambient 
conditions. (A) A schematic of how graphene locks the first water adlayer on 
mica into fixed patterns and serves as an ultrathin coating for AFM. (B) The 
structure of ordinary ice (ice |;,). Open balls represent O atoms, and smaller, 
solid balls represent H atoms. A single puckered bilayer is highlighted with 
red. Interlayer distance is c/2 = 0.369 nm when close to 0°C. Adapted from 
(22). (C) AFM image of a monolayer graphene sheet deposited on mica at 


ambient conditions. (D) A close-up of the blue square in (C). (E) Height profiles 
along the green line in (D) and from a different sample (fig. $3). The dashed 
line indicates z = 0.37 nm. (F) AFM image of another sample, where the edge 
of a monolayer graphene sheet is folded underneath itself. The arrow points to 
an island with multiple 120° corners. (G) The height profile along the red line 
in (F), crossing the folded region. Scale bars indicate 1 ym for (C) and 200 nm 
for (D) and (F). The same height scale (4 nm) is used for all images. 
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For example, the arrow in Fig. 1F points to an 
island with multiple 120° corners. This geometry 
suggests that, at ambient conditions, the first wa- 
ter adlayer has an icelike structure that grew 
epitaxially on the substrate, similar to what was 
previously observed for the second water adlayer 
(2, 11). We also note that all the islands had the 
same height as a single layer of ice. These results are 
consistent with previous sum-frequency-generation 
spectroscopy results obtained over large areas 
(6). By contrast, we also imaged adlayers of tetra- 
hydrofuran on mica by using graphene templat- 


Fig. 2. AFM images of A 
graphene deposited on 
mica at RH ~ 2%, reveal- 
ing the influence of sur- 
face defects on water 
adlayer nucleation. (A) 
A representative sam- 
ple. ML indicates mono- 
layer graphene; 2L, bilayer 
graphene. A dotlike de- 
fect is highlighted in the 
height profile across the 


ing, and we observed monolayer island structures 
that did not exhibit polygonal shapes (fig. S7). 
For water, the observed sub-monolayer coverage 
at ambient conditions is also consistent with pre- 
vious macroscopic optical studies (3, 5, 7), which 
indicated one statistical monolayer coverage at 
RH ~75% and a surface coverage of ~50% at 
RH ~40%. In stark contrast to mica, graphitic 
surfaces (including graphene) are highly hydro- 
phobic (24, 25), and water is known to only ad- 
sorb on graphitic surfaces below ~150 K (26). 
Thus, in the sandwich structure (Fig. 1A) no 


B 


cyan line. (B) Image of 
monolayer graphene de- 


posited on a mica sur- 
face with high density of 
surface defects. A height 


profile is given for the pink line. The dash line indicates z = 0.37 nm. The same height scale (4 nm) is used 


for both images. 


water is expected to come from the graphene 
side. The occasionally observed dotlike thicker 
features are possibly caused by surface defects 
that attract water, as discussed below. 

To investigate how the water adlayers evolved 
as the environmental humidity varies, we de- 
posited graphene onto mica under controlled RH 
(16) and characterized the samples with AFM at 
ambient conditions. These studies also permitted 
investigations into the role that surface defects 
play in the initial formation of water adlayers. 
Figure 2A presents an AFM image of graphene 
deposited on mica under dry conditions (RH ~ 
2%). No islandlike structures are observed for 
most samples prepared in this way: Graphene lies 
atomically flat (74) (fig. S6) without observable 
features, except for sporadic dotlike structures 
~2 nm in height, which are likely due to surface 
defects. This result agrees with previous optical 
studies (5, 7), which indicated no reliably de- 
tectable water adsorption on mica surfaces at 

~ 2%. 

The measured height of monolayer graphene 
on bare mica surface was sensitive to the specific 
settings of AFM and could vary from 0.4 to 0.9 nm. 
We attributed this observation and similar height 
variations observed for monolayer graphene on 
Si0} (0.5 to 1 nm) (/7, 27) to the large chemical 
contrast between graphene and the substrate (/7). 
This is why Raman spectroscopy provides such a 
useful probe for distinguishing graphene mono- 
layers from bilayers and thicker films. The heights 


Fig. 3. AFM images of graphene 
deposited on mica at RH ~ 90%, 
revealing the structure of the sec- 
ond water adlayer. (A) A repre- 
sentative sample. ML, monolayer 
graphene; 2L, bilayer graphene. 
(B) A close-up of the graphene 
edge, corresponding to the blue 
square at the bottom left of (A). 
A height profile is given for the 
red line. The first step (~0.7 nm 
in height) corresponds to mono- 


E™ 0.37 nm 
——_ 


layer graphene on bare mica sur- 
face. The second step (~0.37 nm) 


00 


corresponds to the first water 
adlayer on mica, which had been 
sealed by the graphene. (C) A 


200 30 
x (nm) 


close-up of the pinholes, corresponding to the yellow square in (A). A 
height profile is given for the green line. (D) Image of monolayer 
graphene deposited on mica with a high density of surface defects. (E) 
A close-up of the second adlayer islands, corresponding to the orange 
square in (D). Height profiles are given for the pink and cyan lines. 
The dash line indicates z = 0.38 nm. Scale bars, 1 1m for (A) and (D) 
and 200 nm for other images. The same height scale (4 nm) is used 
for all images. 
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of the water islands in this study, however, can be 
accurately determined: The AFM tip always in- 
teracted with the same material (graphene) that 
uniformly coats the underlying sample (Fig. 1A); 
variations in tip-sample interactions were avoided. 
Patchy islands were occasionally observed 
for graphene deposited, at 2% RH, on mica sur- 
faces that were characterized by a high density of 
surface defects (Fig. 2B). The same height of 
~0.37 nm is again measured for those islands, 
indicating a single adlayer of water. Interestingly, 
most islands connect nearby defects, suggesting 
the importance of defects for water adlayer nu- 
cleation. The adlayer boundaries appear round 
near the defect sites but resume the 120° poly- 
gonal shape away from the defects, indicating a 
competition between capillary interactions and 
the epitaxial interactions with the substrate. 
When graphene was deposited on mica at 
high humidity (RH ~ 90%), the samples typically 
appear flat over large areas (Fig. 3A). However, a 
closer look at the edge of the graphene sheets 
revealed that the graphene rides on top of a near- 
complete monolayer of water adlayer (Fig. 3B). 
At about 10 nm from the edge of the graphene- 
water-mica sandwich structure, water evaporated 
away and graphene came into direct contact with 
the mica surface, sealing and preserving the remain- 
ing water adlayers. The ~0.37-nm height (Fig. 
3B) indicates that the trapped water is a single 
adlayer. Polygonal pinholes ~10 nm in lateral 
size and ~0.37 nm in depth were also observed 
on the overall continuous adlayer (Fig. 3C), indi- 
cating that the monolayer is not 100% complete. 
Different results were obtained for graphene 
deposited, at 90% RH, on a mica characterized 
by a high density of surface defects (Fig. 3D). 
Besides a completed (no pinholes) first adlayer of 
water that is missing only at the graphene sheet 
edge, islands of various lateral sizes were ob- 
served on top of the first adlayer, often surround- 
ing or connecting local defect sites. These islands 
were atomically flat (fig. S6) and were 0.38 + 
0.02 nm in height over the first adlayer (Fig. 3E), 
again in agreement with the height of a single 
puckered bilayer of ice (0.369 nm). The observed 
~120° polygonal shapes of these islands agree 
with previous SPFM results on tip-induced sec- 
ond water adlayers (2, 77, 12). Thus, the islands 
observed in Fig. 3, D and E, are the second water 
adlayer, which also has an icelike structure at 
room temperature and is epitaxial to the first ad- 
layer. Bulgelike features a few nanometers in 
height were also observed but appeared to be 
liquidlike (roundish) and have varying heights. 
No icelike islands or plateaus were observed be- 
yond the second adlayer. Previous optical studies 
(3, 5, 7) indicated that statistically only a few 
adlayers on the mica surface exist at RH ~ 90%, 
but with large sample-to-sample variations, a re- 
sult that is consistent with the observations 
reported here. 
Under ambient conditions, water adlayers 
grow epitaxially on mica in a strictly layer-by- 
layer fashion: The second adlayer forms only 


after the first adlayer is fully completed. In the 
submonolayer regime, two-dimensional islands 
form because of interactions between adsorbed 
molecules, possibly akin to the Frank—van der 
Merwe growth mechanism in heteroepitaxy (28). 
This result is consistent with previous studies that 
indicated the absence of dangling O-H bonds (6) 
and a minimum in entropy (7) at one statistical 
monolayer coverage. It also explains why water 
adsorption isotherms cannot be modeled with 
theories based on continuum models (5). Our 
findings also highlight the role that surface de- 
fects play in water adsorption: Defects apparently 
serve as nucleation centers for the formation of 
both the first and second adlayers. The impor- 
tance of surface defects helps explain the large 
sample-to-sample variations previously reported 
in isotherm measurements (3, 5). The use of STM 
(29-31) to characterize the atomic structures of 
graphene on water adlayers represents an exciting 
future challenge. 
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The Shifting Balance of Diversity 
Among Major Marine Animal Groups 


J. Alroy* 


The fossil record demonstrates that each major taxonomic group has a consistent net rate of 
diversification and a limit to its species richness. It has been thought that long-term changes in 
the dominance of major taxonomic groups can be predicted from these characteristics. However, 
new analyses show that diversity limits may rise or fall in response to adaptive radiations or 
extinctions. These changes are idiosyncratic and occur at different times in each taxa. For 
example, the end-Permian mass extinction permanently reduced the diversity of important, previously 
dominant groups such as brachiopods and crinoids. The current global crisis may therefore permanently 
alter the biosphere’s taxonomic composition by changing the rules of evolution. 


Ithough most higher taxa are affected by 
A= marine radiations and extinctions, 
different groups have peaked in diver- 
sity at different times (/). For example, Paleo- 


zoic ocean floors were dominated by trilobites, 
brachiopods, and crinoids, whereas Cenozoic 


Paleobiology Database, University of California, 735 State Street, 
Santa Barbara, CA 93101, USA. 
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communities were dominated by scleractinian 
corals and molluscs. Long-term shifts in com- 
position may be explained in two fundamental 
ways. First, they could result from persistent 
differences among groups in their styles of di- 
versification (2, 3). On the basis of this theory, 
the decline in background extinction rates 
through the Phanerozoic (4) has been attributed 
to the loss of groups with high intrinsic turn- 
over rates (5). Second, shifts could reflect iso- 
lated adaptive radiations or differential responses 
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Fig. 1. Diversity trajectories of six marine groups having standardized diversity levels with peaks of at least 
100 genera or medians of at least 20 genera. (A) Data for the most important groups in each evolutionary 
fauna: Trilobita (dotted line), articulate Brachiopoda (gray line), and Gastropoda (black line). (B) Data for 
other important groups: Cephalopoda (dotted line), Anthozoa (gray line), and Bivalvia (black line). 
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Fig. 2. Multivariate ordinations of diversity estimates for 14 major marine animal higher taxa ranging 
across 50 time intervals (Fig. 1). Similar results were obtained (14) by analyzing Sepkoski’s family- and 
genus-level compendia (21). Points are identified by the first two letters of group names. Groups are 
Trilobita, Linguliformea, Graptolithina, and Conodonta (Cambrian fauna, gray circles); Anthozoa, Ostracoda, 
nonlinguliform Brachiopoda (articulates, Ar), Cephalopoda, and Crinoidea (Paleozoic fauna, open squares); 
and Bryozoa, Bivalvia, Gastropoda, Echinoidea, and Chondrichthyes (Modern fauna, solid circles). (A) Factor 
analysis of raw counts with zero values included, as in (2). (B) Principal coordinates analysis of logged and 
differenced counts. Similar results are yielded by other methods, such as hierarchical cluster analysis (24). 
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to mass extinctions. Numerical models of Phan- 
erozoic marine diversification have often com- 
bined both perspectives (3, 6, 7). 

If diversity trends are determined by group- 
specific characteristics and these characteristics 
are invariant, then mass extinctions merely delay 
the rise of groups that are fated to prosper (3). 
Furthermore, given these assumptions, it is pos- 
sible to predict which groups will recover most 
quickly from the mass extinction that is now 
occurring. Successful groups would be expected 
to exhibit logistic dynamics [a decline of growth 
rates as diversity rises (3, 8, 9)]. Each group’s 
intrinsic rate of increase and equilibrium diver- 
sity level must be quantified in order to test this 
prediction. 

Robust estimates of these dynamical param- 
eters cannot be obtained simply by fitting a line to 
a fossil diversity curve [a kinetic analysis sensu 
(3)] because apparent plateaus can be generated 
by other processes such as random walks. Mod- 
eling net diversification rates (a dynamic analy- 
sis) removes this ambiguity. These rates are less 
likely to be misleading because they generally 
show weak trends and little autocorrelation. They 
can be quantified easily by taking log ratios of 
consecutive values (9). 

Here, I address these questions using Phanerozoic- 
scale diversity counts for the 14 most commonly 
occurring marine animal higher taxa, including 
six major groups (Fig. 1). The counts were gen- 
erated from taxonomic occurrences housed in the 
Paleobiology Database (/0). Other recent studies 
have used the same resource (9, //—13). Data 
for other groups are not sufficient to yield com- 
plete and precise time series. 

The counts were generated by sampling 
standardization—randomly drawing a compara- 
ble amount of data in each time interval (9, /2). 
However, the method used in this paper differs 
from simple standardization because it ensures 
fair representation of uncommon taxa. It works 
by tracking coverage of the occurrence-frequency 
distribution, meaning the sum of frequencies of 
taxa that have been seen at least once in a given 
subsample. Sampling continues until coverage 
(as opposed to sheer sample size) reaches a spe- 
cified target (/4). Subsampling and frequency 
coverage are long-established concepts in the 
ecological literature, but they have not been 
bound together methodologically. The algorithm 
derived here can be used to estimate the relative 
number of classes in any set of sampling universes 
regardless of whether the data are biological (/4). 

Most individual groups were found to diversify 
without any change in underlying dynamics for 
periods of at least 200 million years. More specif- 
ically, almost every group’s curve exhibits some kind 
of logistic growth. This finding is based on a non- 
parametric maximum likelihood analysis comparing 
observed and predicted changes in diversity (/4). 
Random walk and exponential models can be ex- 
cluded for eight groups, and multiphase logistic 
growth models were favored (Akaike weight > 0.75) 
for Linguliformea, Bryozoa, and Echinoidea. 
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Similarly, previous studies suggested that sub- 
clades of particular marine groups such as bryo- 
zoans (/5), bivalves (16), and gastropods (/7) 
experienced density-dependence. Although the 
curves for Anthozoa, Trilobita, Gastropoda, and 
Bivalvia could be fit to an exponential model, 
support for other models is as strong or stronger 
in all of these cases. 

These findings refute the idea that diversity 
trends, including successive replacements of groups, 
are a function of exponential or random growth 
interrupted by mass extinctions (6, 7, 78). Such 
arguments only ever seemed plausible because 
biases in older data sets, including the greater 
quantity and quality of data in the Cenozoic, cre- 
ated the appearance of a steep post-Paleozoic in- 
crease (/2). These biases also obscured large, 
rapid shifts in diversity such as the Cambrian ex- 
plosion and the mid-Jurassic radiation. 

Sepkoski (3) categorized marine animals into 
so-called Cambrian, Paleozoic, and Modern evo- 
lutionary faunas on the basis of shared curve 
shapes. This categorization has served as a bench- 
mark for macroevolutionary research at the Phan- 
erozoic scale [for example, (/9)]. Sepkoski (2, 3, 20) 
also modeled the rate and timing of taxonomic 
replacements by assuming that each fauna has 
diversified logistically and that the underlying lo- 
gistic parameters have held constant through the 
Phanerozoic. If so, then recoveries from any mass 
extinction should be predictable, and extinctions 
should not alter the fate of the major groups (3). 

Curve-shape similarities are easily recognized 
by applying multivariate ordination methods (20), 
and a factor analysis of the 14 diversity curves 
recovers the three original categories (Fig. 2A). 
Furthermore, the summed diversity trajectory of 
each evolutionary fauna is proportionately about 
the same in either Sepkoski’s original family- 
level compendium (3, 20), his genus-level com- 
pendium (2/), or the data set analyzed here (Figs. 
1 and 3). The general resilience of the proportions 
is noteworthy because the global diversity curve 
(Fig. 3) differs from all published curves that 
stem from Sepkoski’s compendia (3, 2/, 22). The 
older curves feature proportionately lower Cam- 
brian and Modern faunal diversity in the Paleo- 
zoic. These differences result from methods of 
sampling and counting taxa (/2, /4) and do not 
reflect important discrepancies in the underlying 
data (/2). 

Because net diversification rates yield evi- 
dence about process instead of pattern, it is nec- 
essary to show whether Sepkoski’s scheme also 
summarizes such rates adequately. The best ap- 
proach is to perform a principal coordinates anal- 
ysis on a Euclidean distance matrix derived from 
the rates. Doing so allows ignoring undefined val- 
ues for extinct groups while using the same sim- 
ilarity metric that underlies factor analysis (/4). 
This ordination fails to separate the three faunas 
cleanly: Although some structure is evident, the 
Paleozoic groups are widely scattered (Fig. 2B). 

Sepkoski himself went into great detail about 
exceptions to his model (3, 20), and later analy- 


ses of his data also called the evolutionary fauna 
scheme into question (23). Furthermore, a three- 
fauna pattern can be generated by factoring data 
produced with a simple simulation (6), and little 
correspondence exists between traditional faunal 
membership and ecological attributes such as 
mineralogy, motility, physiological buffering, 
trophic level, or habitat affinity (/3, 24). Thus, 
the three-fauna pattern seems only to summarize 
coincidental peaks in diversity trajectories (20). 

A far more important problem with Sepkoski’s 
model is that equilibrium diversity levels have 
changed once or even twice in most taxonomic 
groups (table S1). The overall diversity trend (Fig. 
3) also suggests offset logistic growth (table S1) 
(9). These changes in equilibrium points are un- 
predictable in the sense that they come at very 
different geological times and are equally likely 
to involve increases or decreases, as shown by 
the lack of correlation between early Paleozoic 
and Cenozoic carrying capacities (Spearman’s 
p = 0.264; P = 0.435) (table S2). 

Sepkoski’s model implies that average diver- 
sification rates are a good predictor of long-term 
success. If so, then dominant groups such as bi- 
valves may be expected to recover quickly from the 
current mass extinction. However, there is no strong 
correlation of median net diversification rates and 
Plio-Pleistocene diversity for living groups (p = 
0.437; P = 0.179) (table S2). The result changes if 
we add zero diversity values to represent the three 
extinct groups (p = 0.654; P = 0.011), but this ob- 
servation merely demonstrates that groups with 
unfavorable diversification rates had already been 
sifted out (5) by the early Mesozoic. 

The lack of a relationship between average 
rates and eventual success is a side effect of the 
Permo-Triassic mass extinction, which was the worst 
in the history of life on Earth (4, 9). The groups 
that might otherwise have been the most diverse 
today can be identified by starting with the end- 
Permian diversity estimates, ignoring changes 
going into the Early Triassic, and using the post- 
Paleozoic rates to project forward up to the Re- 
cent. In contrast, these adjusted diversity estimates 
are well correlated with median diversification 
rates (p = 0.664; P= 0.031). Moreover, there is a 
strong negative correlation between median over- 
all rates and rates for this boundary (p = —0.655; 
P = 0.034). Examples of otherwise successful 
groups that suffered include anthozoans, bivalves, 
gastropods, crinoids, and “articulate” brachiopods. 
The first three eventually recovered, but the last 
two stagnated at low diversity levels. Effectively, 
then, the Permo-Triassic mass extinction reset the 
clock on diversification and overturned the ba- 
lance of groups. 

These factors together explain why individual 
diversity curves are so idiosyncratic (Fig. 1). For 
example, the key “Cambrian fauna” clade Trilobita 
rose immediately to dominance and then de- 
clined swiftly, unlike any other group (Fig. 1A). 
The curve for nonlinguliform brachiopods (artic- 
ulates) includes two large, distinctive Paleozoic 
peaks (Fig. 1A) that relate to radiations in par- 
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ticular subclades (14). Anthozoa and Cephalopoda 
were both important throughout the Paleozoic and 
Mesozoic (Fig. 1B), but peaks in their curves do 
not match, and shelled cephalopods were the 
only large group to suffer a large and irreversible 
decline at the Cretaceous-Paleogene boundary. 

Meanwhile, the two major existing classes— 
Bivalvia and Gastropoda—achieved their prom- 
inence in different ways. The former increased 
throughout the Phanerozoic (/6), although the 
current data depict a shallow trend (Fig. 1B). 
Meanwhile, gastropods tracked a modest plateau 
throughout the Paleozoic and Mesozoic before 
suddenly rising to a new equilibrium level near 
the end of the Cretaceous (Fig. 1A). This clear 
offset reflects the adaptive radiation of the car- 
nivorous clade Neogastropoda and corresponds to 
the Mesozoic marine revolution, which involved 
an “arms race” between gastropods and shell- 
crushing predators (25). 

Global diversity should rebound from today’s 
extinction crisis within roughly the equivalent ofa 
geological period (9). However, it is not possible to 
predict changes in taxonomic composition (table 
S1), which are more ecologically and evolution- 
arily important than total counts of taxa. The most 
severe extinctions also have unexpected impacts 
on the relative abundance of closely related groups 
(26), the shape of species-abundance distributions 
(/J), and patterns of epifaunal and infaunal tiering 
(27). Thus, it would be unwise to assume that any 
large number of species can be lost today without 
forever altering the basic biological character of 
Earth’s oceans. 
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The Spread of Behavior in an Online 
Social Network Experiment 


Damon Centola 


How do social networks affect the spread of behavior? A popular hypothesis states that networks 
with many clustered ties and a high degree of separation will be less effective for behavioral 
diffusion than networks in which locally redundant ties are rewired to provide shortcuts across the 
social space. A competing hypothesis argues that when behaviors require social reinforcement, a 
network with more clustering may be more advantageous, even if the network as a whole has a 
larger diameter. | investigated the effects of network structure on diffusion by studying the spread 
of health behavior through artificially structured online communities. Individual adoption was 
much more likely when participants received social reinforcement from multiple neighbors 

in the social network. The behavior spread farther and faster across clustered-lattice networks than 


across corresponding random networks. 


any behaviors spread through social 
Mes (/-3). As a result, the network 

structure of who is connected to whom 
can critically affect the extent to which a behav- 
ior diffuses across a population (2-8). There are 
two competing hypotheses about how network 
structure affects diffusion. The “strength of weak 
ties” hypothesis predicts that networks with 
many “long ties” (e.g., “small-world” topologies) 
will spread a social behavior farther and more 
quickly than a network in which ties are highly 
clustered (4-6). This hypothesis treats the spread 
of behavior as a simple contagion, such as dis- 
ease or information: A single contact with an 
“infected” individual is usually sufficient to trans- 
mit the behavior (2). The power of long ties is 
that they reduce the redundancy of the diffusion 
process by connecting people whose friends do 
not know each other, thereby allowing a behavior 
to rapidly spread to other areas of the network 
(3-5). The ideal case for this lack of redundancy 
is a “random” network, in which, in expectation 
for a large population, each of an individual’s 
ties reaches out to different neighborhoods (4, 9). 
The other hypothesis states that, unlike disease, 
social behavior is a complex contagion: People 
usually require contact with multiple sources of 
“infection” before being convinced to adopt a be- 
havior (2). This hypothesis predicts that because 
clustered networks have more redundant ties, 
which provide social reinforcement for adoption, 
they will better promote the diffusion of behav- 
iors across large populations (2, 7). Despite the 
scientific (6, 7, 10) and practical (/, 2, //) im- 
portance of understanding the spread of behavior 
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through social networks, an empirical test of 
these predictions has not been possible, because 
it requires the ability to independently vary the 
topological structure of a social network (/2). 

I tested the effects of network structure on 
diffusion using a controlled experimental approach. 
I studied the spread of a health behavior through 
a network-embedded population by creating an 
Internet-based health community, containing 1528 
participants recruited from health-interest World 
Wide Web sites (73). 

Each participant created an anonymous online 
profile, including an avatar, a user name, and a set 
of health interests. They were then matched with 
other participants in the study—teferred to as 
“health buddies’”—as members of an online health 
community. Participants could not contact their 
health buddies directly, but they could receive 
emails from the study informing them of their 
health buddies’ activities. To preserve anonymity 
and to prevent people from trying to identify 


Fig. 1. Randomization of 
participants to clustered- 
lattice and random- 
network conditions in a 
single trial of this study 
(N = 128, Z = 6). In 
each condition, the black 
node shows the focal 
node of a neighborhood 
to which an individual is 
being assigned, and the 
red nodes correspond to 
that individual’s neigh- 
bors in the network. In 
the clustered-lattice net- 
work, the red nodes share 


friends who may have also signed up for the study 
(or from trying to contact health buddies outside 
the context of the experiment), I blinded the 
identifiers that people used. Participants made 
decisions about whether or not to adopt a health 
behavior based on the adoption patterns of their 
health buddies. The health behavior used for this 
study was the decision to register for an Internet- 
based health forum, which offered access and rat- 
ing tools for online health resources (/3). 

The health forum was not known (or acces- 
sible) to anyone except participants in the ex- 
periment. This ensured that the only sources of 
encouragement that participants had to join the 
forum were the signals that they received from their 
health buddies. The forum was populated with ini- 
tial ratings to provide content for the early adopters. 
However, all subsequent content was contributed 
by the participants who joined the forum. 

Participants arriving to the study were randomly 
assigned to one of two experimental conditions— 
a clustered-lattice network and a random network— 
that were distinguished only by the topological 
structure of the social networks (Fig. 1). In the 
clustered-lattice-network condition, there was a 
high level of clustering (5, 6, 13) created by re- 
dundant ties that linked each node’s neighbors to 
one another. The random network condition was 
created by rewiring the clustered-lattice network 
via a permutation algorithm based on the small- 
world-network model (6, /3—/5). This ensured 
that each node maintained the exact same number 
of neighbors as in the clustered network (that is, a 
homogeneous degree distribution), while simulta- 
neously reducing clustering in the network and 
eliminating redundant ties within and between 
neighborhoods (4, 6, /4). 

The network topologies were created before 
the participants arrived, and the participants could 


Randomization to Conditions 


neighbors with each other, whereas in the random network they do not. White nodes indicate individuals who 


are not connected to the focal node. 
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not alter the topology in which they were em- 
bedded (e.g., by making new ties). In both condi- 
tions, each participant was randomly assigned 
to occupy a single node in one network. The 
occupants of the immediately adjacent nodes in 
the network (i.e., the network neighbors) consti- 
tuted a participant’s health buddies (/3). Each 
node in a social network had an identical number 
of neighbors as the other nodes in the network, 
and participants could only see the immediate 
neighbors to whom they were connected. 
Consequently, the size of each participant’s 
social neighborhood was identical for all par- 
ticipants within a network and across conditions. 
More generally, every aspect of a participant’s 
experience before the initiation of the diffusion 
dynamics was equivalent across conditions, and 
the only difference between the conditions was 
the pattern of connectedness of the social net- 
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works in which the participants were embedded. 
Thus, any differences in the dynamics of diffu- 
sion between the two conditions can be attri- 
buted to the effects of network topology. 

There are four advantages of this experi- 
mental design over observational data. (i) The 
present study isolates the effects of network 
topology, independent of frequently co-occurring 
factors such as homophily (3, /6), geographic 
proximity (/7), and interpersonal affect (4, /8), 
which are easily conflated with the effects of 
topological structure in observational studies 
(2, 3, 11). (ii) I study the spread of a health- 
related behavior that is unknown to the partici- 
pants before the study (/3), thereby eliminating 
the effects of nonnetwork factors from the dif- 
fusion dynamics, such as advertising, availability, 
and pricing, which can confound the effects of 
topology on diffusion when, for example, the 
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Fig. 2. Time series showing the adoption of a health behavior spreading through clustered-lattice (solid 
black circles) and random (open triangles) social networks. Six independent trials of the study are 
shown, including (A) N = 98, Z = 6, (B to D) N = 128, Z = 6, and (E and F) N = 144, Z = 8. The success 
of diffusion was measured by the fraction of the total network that adopted the behavior. The speed of 
the diffusion process was evaluated by comparing the time required for the behavior to spread to the 
greatest fraction reached by both conditions in each trial. 
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local structure of a social network correlates 
with greater resources for learning about or 
adopting an innovation (//, 79). (iii) This study 
eliminates the possibility for social ties to change 
and thereby identifies the effects of network 
structure on the dynamics of diffusion without 
the confounding effects of homophilous tie 
formation (/, 20). (iv) Finally, this design allows 
the same diffusion process to be observed 
multiple times, under identical structural condi- 
tions, thus allowing the often stochastic process of 
individual adoption (2/) to be studied in a way 
that provides robust evidence for the effects of 
network topology on the dynamics of diffusion. 

I report the results from six independent trials 
of this experimental design, each consisting of a 
matched pair of network conditions. In each pair, 
participants were randomized to either a clustered- 
lattice network or a corresponding random net- 
work (/3). This yielded 12 independent diffusion 
processes. Diffusion was initiated by selecting a 
random “seed node,” which sent signals to its net- 
work neighbors encouraging them to adopt a health- 
related behavior—namely, registering for a health 
forum Web site (/3). Every time a participant 
adopted the behavior (i.e., registered for the health 
forum), messages were sent to her health buddies 
inviting them to adopt. If a participant had mul- 
tiple health buddies who adopted the behavior, 
then she would receive multiple signals, one from 
each neighbor. The more neighbors who adopted, 
the more reinforcing signals a participant received. 
The sequence of adoption decisions made by the 


2.25 


2.00 fF 


175-7 


1.50 7 


1.25 7 


Hazard Ratio 
Oo 


1.00 


0.75 : : : 

2 3 4 
Reinforcing Signals 
Fig. 3. Hazard ratios for adoption for individuals 
receiving two, three, and four social signals. The 
hazard ratio g indicates that the likelihood of 
adoption increases by a factor of g for each ad- 
ditional signal k, compared to the likelihood of 
adoption from receiving k — 1 signals. The 95% 
confidence intervals from the Cox proportional 
hazards model are shown by error bars. The effect 
of an additional signal on the likelihood of adop- 
tion is significant if the 95% confidence interval 
does not contain g = 1 (13). 
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members of each social network provides a pre- 
cise time series of the spread of the behavior 
through the population. It also provides an exact 
record of the number of signals required for in- 
dividuals to adopt the behavior. The starting time 
(time = 0) for each diffusion process corresponds 
to the instant when the seed node was activated 
and the initial signals were sent. For each trial, the 
diffusion process was allowed to run for 3 weeks 
(~1.8 million seconds). To test for the possible 
effects of population size (V) and degree (Z, the 
number of health buddies each person had) on the 
diffusion dynamics, I used three different versions 
of the experiment: (1) N = 98, Z = 6; (i) N= 128, 
Z = 6; and (iil) VN = 144, Z = 8 (/3). The modest 
range of population sizes tested and the corre- 
spondingly narrow range of degrees were due to 
the challenges of recruiting large numbers of peo- 
ple simultaneously. Among the networks I used, 
there were no effects of population size (/3). 
The results show that network structure has a 
significant effect on the dynamics of behavioral 
diffusion. Surprisingly, the topologies with greater 
clustering and a larger diameter were much more 
effective for spreading behavior. Figure 2 shows 
the time series generated by the six indepen- 
dent trials of the experiment. Adoption typically 
spread to a greater fraction of the population in 
the clustered networks (solid black circles) than 
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in the random networks (open triangles). On 
average, the behavior reached 53.77% of the 
clustered networks, whereas only 38.26% of 
the population adopted in the random networks 
(13). I also found that the behavior diffused 
more quickly in the clustered networks than in 
the random networks. The average rate of dif- 
fusion in the clustered networks (0.2820 x 107 
nodes/s) was more than four times faster than 
that of the random condition (0.0643 x 10° 
nodes/s). Differences in both the success and 
the rate of diffusion between network conditions 
are statistically significant (P < 0.01 using the 
Wilcoxon rank sum—Mann-Whitney U test) (73). 

The experimental findings were qualitatively 
the same across different network and neighbor- 
hood sizes. However, networks with a greater 
degree (Z = 8) performed better than those with 
a lower degree (Z = 6). Although this finding is 
consistent with the hypothesis that more redun- 
dant ties between neighborhoods can improve 
the global spread of behavior, it may also indicate 
that other topological features, such as degree 
and density, are relevant factors affecting be- 
havioral diffusion (2, 7). This suggests impor- 
tant avenues for future research. 

At the individual level, the results (Fig. 3) 
show that redundant signals significantly in- 
creased the likelihood of adoption; social rein- 
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Fig. 4. Cumulative distribution functions of the number of return visits to the health forum (x) for 
populations of adopters grouped by the number of signals that they received. Comparisons are shown 
for adopters who received (A) one versus two signals, (B) one versus three signals, (C) one versus four 
signals, and (D) one versus five signals. All pairwise comparisons between groups two through five with 
each other showed no significant differences (P > 0.4 for all six comparisons, using the Kolmogorov- 


Smirnov test) (13). 


forcement from multiple health buddies made 
participants much more willing to adopt the be- 
havior. Figure 3 compares the baseline likelihood 
of adoption after receiving one social signal to 
the increased likelihood of adoption for nodes 
receiving second, third, and fourth reinforcing 
signals. Participants were significantly more likely 
to adopt after receiving a second signal than 
after receiving only one signal (P < 0.001 using 
the Cox proportional hazards model). Receiving 
a third signal also significantly increased the like- 
lihood of adoption, but with a smaller marginal- 
effect size (P < 0.05, Cox proportional hazards 
model) (/3). Additional signals had no significant 
effect. This can be attributed to the attenuation of 
the sample size as the number of signals increased. 

A secondary, but important, issue related to 
adoption is the level of commitment that individ- 
uals have to a behavior once they have adopted it. 
To investigate the effects of social reinforcement 
on individuals’ level of engagement with the 
health forum, I compared the number of return 
visits to the forum after registering, for adopters 
grouped by the number of social signals that they 
received (Fig. 4) (participants could not receive 
additional signals once they had registered). 
Figure 4 shows pairwise comparisons of the 
number of return visits for adopters receiving 
only one signal (solid lines) versus those receiv- 
ing two to five signals (dashed lines in panels A 
to D, respectively). Though less than 15% of 
adopters receiving one signal made a return visit 
to the forum, more than 30% of participants re- 
ceiving two signals made return visits, and 40% 
of participants receiving three signals made at least 
one return visit. Pairwise statistical comparisons 
between group one and groups two through five 
are all significant (P < 0.01 for all four compar- 
isons, using the Kolmogorov-Smimoy test) (/3), 
indicating that participants who received more than 
one social signal were significantly more likely to 
retum to the health forum than those who only 
received a single signal. This suggests that there 
was a significant effect of social reinforcement on 
participants’ level of engagement with the adopted 
behavior. 

As with all experiments, design choices that 
aided my control of the study also put constraints 
on the behaviors that I could test. A key limitation 
of my design is that, unlike in my experiment, 
adopting a new health behavior is often extreme- 
ly difficult in the real world. To adopt behaviors 
such as getting a vaccination, going on a diet, 
starting an exercise routine, or getting a screening, 
people may be required to pay the costs of time, 
deprivation, or even physical pain. Because of 
this, I expect that the need for social reinforce- 
ment would be greater for adopting these health 
behaviors than it was for the behavior in my 
study. Consequently, the diffusion of real-world 
health behaviors may depend even more on 
clustered-network structures than did the diffu- 
sion dynamics reported in my results. 

An additional constraint of my study was that 
participants did not have any direct commu- 
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nication with their health buddies or information 
about their identities. This allowed me to isolate 
the effects of network topology on the dynamics 
of diffusion without the presence of confounding 
variables. However, it also raises the question of 
what the strength of the effects of network to- 
pology would be when allowed to interact with 
the effects of interpersonal relationships. An im- 
portant assumption of this study is that the effects 
of network topology will not be overwhelmed by 
individuals’ exposure to other social factors. Pre- 
vious studies have suggested that factors such as 
homophily and strong interpersonal affect in 
social ties can improve the diffusion of behav- 
iors through social networks (3, /8). In the real 
world, these features of social relationships tend 
to be highly correlated with the formation of 
clustered social ties (3, 22, 23). Consequently, I 
expect that these reinforcing factors would am- 
plify the observed effects of clustered social 
networks in promoting the diffusion of health 
behaviors across a large population. However, 
new experimental designs are required to test the 
interaction effects of these variables (and other 
variables such as gender, memory, and frequency 
of interaction) on the spread of social behaviors. 


and spread more quickly in clustered networks 
than in random networks (Fig. 2). Whereas lo- 
cally clustered ties may be redundant for simple 
contagions, like information or disease (4, 6, 24), 
they can be highly efficient for promoting behav- 
ioral diffusion. On the basis of these findings, I 
predict that public health interventions aimed at 
the spread of new health behaviors (for instance, 
improved diet, regular exercise, condom use, or 
needle exchange) may do better to target clustered 
residential networks rather than the casual contact 
networks across which disease may spread very 
quickly (25)}—particularly if the behaviors to be 
diffused are highly complex (for instance, because 
they are costly, difficult, or contravene existing 
norms). 
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induce the exfoliation of host cells upon contact 
(8-11), they are able to establish themselves on 
virtually every mucosal surface of the human 
body. 

To investigate how gonococci manage to col- 
onize the urogenital mucosa efficiently, we per- 
formed vaginal infection of female mice (/2). In line 
with the innate capacity of epithelial cells to re- 
spond to this bacterial challenge, N. gonorrhoeae 
triggered detachment of superficial epithelial cells 
within 20 hours (Fig. 1A) and only small numbers 
of gonococci could be re-isolated from wild-type 
mice (Fig. 1B). Gonococci are adapted to humans 
as their sole natural host. One of the host-specific 
virulence traits that gonococci share with other 
specialized mucosal colonizers, including Hae- 
mophilus influenzae, Moraxella catarrhalis, and 
N. meningitidis, is the ability to recognize hu- 
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uring colonization of mucosal surfaces, 
incoming microbes must cope with mul- 


studies have suggested that microbes modulate 
cell detachment (5, 6), it is currently unknown how 


tiple host defenses (/). One protective 
mechanism of the mucosa in stratified and squa- 
mous tissues is the accelerated turnover and 
shedding of superficial epithelial cells, also re- 
ferred to as exfoliation (2-4). Although in vitro 


www.sciencemag.org SCIENCE VOL 329 3 SEPTEMBER 2010 


successful mucosal pathogens deal with the ex- 
foliation response in vivo. Neisseria gonorrhoeae, 
a Gram-negative microorganism, causes one of 
the most common sexually transmitted diseases 
worldwide (7). Even though these bacteria can 
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man carcinoembryonic antigen-related cell adhe- 
sion molecules (CEACAMSs) (/3, /4). To engage 
CEACAMs, gonococci use outer membrane ad- 
hesins of the colony opacity-associated (Opa) 
protein family [Opacra; for a review see (/5)]. 
Bacterial engagement of human CEACAMs can 
block detachment of infected epithelial cells in 
vitro, which suggests that gonococci and other 
CEACAM-binding bacteria might use CEACAMs 
to modulate exfoliation (5). 

To test the hypothesis that CEACAM en- 
gagement by bacteria attenuates epithelial exfo- 
liation and promotes mucosal colonization, we 
used a humanized mouse model of gonococcal 
urogenital tract infection: CEA transgenic (CEAtg) 
mice harboring the human CEACAMS gene (/6). 
In CEAtg mice, CEA can be detected on mucosal 
surfaces including the female urogenital tract (fig. 
S1A). Wild-type and CEAtg female mice were 


Fig. 1. CEA binding facilitates mucosal coloniza- 
tion and blocks exfoliation of superficial epithelial 
cells. (A) Female wild-type mice were infected for 
24 hours with piliated, non-opaque gonococci, or 
remained uninfected. Genital tracts were excised, 
fixed, and processed for SEM. Micrographs show 
the luminal surface of the upper vaginal and 
cervical region. Exfoliating cells are highlighted by 
arrows. (B) Schematic representation of the in- 
fection protocol used with respect to pretreatment 
of the mice, vaginal infection, and re-isolation of 
bacteria (A indicates the time point of lentiviral 
transduction). The graph shows colonization of 
wild-type (©C) or CEAtg (@) female mice with the 
indicated bacterial strains. Each circle reflects the 
number of bacteria re-isolated from an individual 
animal (n = 8 unless indicated otherwise); data were 
compiled from six experiments. The dotted line 
indicates the lower detection limit (40 bacteria per 
animal). The median for each experimental group of 
animals is noted; groups were compared against 
numbers isolated from Ngo Opacg,-infected CEAtg 
mice by two-tailed Mann-Whitney U-test (*P < 
0.001). (C) Genital tracts infected as in (B) were 
excised and processed for SEM. Pictures (at two 
different magnifications, as indicated by the scale 
bars) show the luminal surface of the upper vaginal 
and cervical regions. Inset shows adherent bacteria 
(black arrowhead). (D) Quantification of exfoliating 
epithelial cells. Bars represent mean + SD of 
exfoliating cells in an area of about 0.075 mm? 
(n = 24); groups were compared against uninfected 
mice by one-tailed Mann-Whitney U-test (*P < 
0.01). 


vaginally infected with 10° bacteria, and coloniz- 
ing bacteria were recovered by urogenital swabs 
24 hours later. Consistent with the initial observa- 
tions, only a few gonococci could be re-isolated 
from wild-type mice irrespective of the bacterial 
phenotype, whereas the numbers of gonococci ex- 
pressing Opacga proteins recovered from CEAtg 
mice were higher by a factor of about 50 to 100 
(Fig. 1B). The Opacg, protein expression by re- 
isolated bacteria was unaltered (fig. S1B). Some 
re-isolates expressed additional Opa proteins, 
further pointing to an in vivo advantage of opaque 
phenotypes. Isogenic gonococcal strains lacking 
Opa protein expression (Opa ), strains expressing 
type IV pili (Opa /P"), or strains expressing a 
heparan sulfate proteoglycan-binding Opa pro- 
tein (Opayspc) (17, 18) could not be isolated in 
increased numbers from CEAtg mice (Fig. 1B). 
Scanning electron microscopy (SEM) of the upper 
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vaginal tract revealed massive exfoliation of the 
superficial epithelial layer in wild-type animals 
infected with Opacpa-expressing N. gonorrhoeae 
(Ngo Opacga) as well as in CEAtg animals in- 
fected with non-CEACAM-binding gonococci 
(Fig. 1C). Vast exfoliation was already evident at 
low magnification; at higher magnification, the 
detachment of multiple superficial epithelial cells 
was apparent (Fig. 1C). In contrast, exfoliation 
was not elevated in CEAtg mice infected with 
Ngo Opacea (Fig. 1, C and D). Thus, the Opacg,- 
CEA interaction suppresses exfoliation and fa- 
cilitates mucosal colonization. 

In the urogenital tract of infected mice, gonococ- 
ci colocalized with CEA-positive cells on the vagi- 
nal surface of CEAtg mice (Fig. 2, A and B). 
Gonococci lacking Opa protein expression (Ngo 
Opa ) were rarely detected on the mucosal sur- 
face of CEAtg mice, and gonococci were absent in 
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Fig. 2. CEA engagement by bacteria triggers (D105 A wildtype 2 CEAtg 2 
expression in vivo. (A) Genital tracts from wild-type or 
CEAtg mice infected for 24 hours with Opacea- 
expressing (Ngo Opaceq) or non-opaque (Ngo Opa_) 
gonococci were excised, and cryosections were co- 
stained with antibodies against WV. gonorrhoeae (green) 
and CEA (red). Cell nuclei were visualized by Hoechst 
(blue). Ngo Opacea bound to the CEA-positive mucosal 
surface of CEAtg mice are indicated by arrowheads. (B) 
Quantification of cell-associated bacteria in CEAtg mice. 
Bars represent the mean number + SD of bacteria 
associated with 100 cells (n = 3). (C) Cryosections as in 
(A) were costained with antibodies against NV. gonor- B 
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activity), or remained unstimulated, 
before analysis with an activation- 
specific integrin 8, antibody (clone 
9EG7; active integrin B,) or an 
activation-independent integrin 
Bz antibody (clone AIIB2; total 
integrin B,). Bars represent the 
mean + SD of five wells of a rep- 
resentative experiment repeated 
twice with similar results. (C) hVECs 
were transduced as in (A), and 
parallel samples were stained for 
coetticts ogee Na zyxin or vinculin. Small arrowheads 
& RY s highlight zyxin at focal adhesions, 
$ Oe which is missing in CD105wt- 
4 a : lls. Vinculin-positi 
§ expressing cells. Vinculin-positive 
v focal adhesions (arrows) are found 
in all cells. (D) HeLa cells were 
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in the presence or absence of CD105. Cells were used in adhesion assays 
as in (A). Bars represent mean + SD of five wells. 
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wild-type mice, even if infected with Ngo Opacra 
(Fig. 2, A and B). How can the engagement of api- 
cally expressed CEA lead to reduced detachment 
of infected cells? CEACAM-binding by bacteria 
triggers de novo expression of CD105, a member 
of the transforming growth factor-B1 receptor 
(TGFB1R) family, which promotes cell-matrix ad- 
hesion and blocks cell migration (5, /9). Indeed, 
CEA engagement by Ngo Opacea in vitro stim- 
ulated the expression of CD105 and increased the 
adhesiveness of infected cells to several extracellu- 
lar matrix proteins (fig. S2). Moreover, CEACAM- 
binding bacteria, but not Opa bacteria, triggered 
de novo expression of CD105 by vaginal epithe- 
hal cells of CEAtg mice in vivo (Fig. 2C and fig. S3). 
CD105, a well-characterized endothelial marker, 
was present on small blood vessels in the sub- 
mucosa of wild-type (fig. S4) and CEAtg mice, 
but was absent from uninfected vaginal epithelial 
cells (Fig. 2C and fig. S3). Thus, CD105 expres- 
sion in response to CEA stimulation by gonococci 
could be responsible for enhanced matrix adhesion 
of infected epithelial cells and the suppression of 
exfoliation. 

Cell adhesion to the extracellular matrix is 
mediated by integrins, and TGFB1Rs influence 
integrin expression (20). However, CD105, a 
type III nonsignaling member of the TGFBIR 
family, does not increase the amount of integrin 
6, or integrin-associated cytoplasmic proteins 
(19, 21). In HeLa cells and 293 cells, CD105 
promoted cell adhesion by stimulating integrin 
inside-out signaling, leading to enhanced integrin 
activity (fig. S5). The adhesion-promoting activ- 


Fig. 4. Bacterial colonization is blocked A 
by inhibition of CD105 expression in 
vaginal epithelial cells or by mucosal 
delivery of zyxin. (A) Female mice were 
transduced with GFP, shCD105-encoding 

virus, or left without virus (w/o virus). 
Twenty-four hours later, animals were 
infected with Ngo Opacea, and coloniz- 

ing gonococci were enumerated the next 

day. Bars represent the mean + SD of 
bacteria re-isolated from six individual 
animals. Groups were compared against 
numbers isolated from untransduced 
CEAtg mice by one-tailed Mann-Whitney 
U-test (*P < 0.01). (B) SEM of the mucosal 
epithelium of mice transduced and in- 
fected as indicated. Exfoliating epithelial 

cells are marked by arrows; cell-associated Cc 
bacteria are indicated by arrowheads. 
(C) Quantification of exfoliating epithe- 
lial cells as in Fig. 1D; groups were com- 
pared against GFP-transduced wild-type 
mice by one-tailed Mann-Whitney U-test 
(*P <0.01). (D and E) Wild-type or CEAtg 
mice were transduced with lentiviral 
particles encoding GFP, GFP-zyxin, or 
GFP-zyxinA2/3LIM, or left without virus 
(wo virus) before infection with Ngo 
Opacga. Colonizing gonococci in (D) and 
exfoliating cells in (E) were enumerated 
as in (A) and (0), respectively. 
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ity of CD105 was located in the cytoplasmic do- 
main of CD105, which was necessary (fig. S6) 
and sufficient (fig. S7) for this process. In line 
with these results, transduction with wild-type 
CD105 (CD105wt), but not with CD105 carrying 
a 35—amino acid truncation of the cytoplasmic 
domain (CD105A35), enhanced cell-matrix ad- 
hesion and increased integrin activity of human 
vaginal epithelial cells (nVECs) (Fig. 3, A and 
B). One of the cellular factors that associate with 
the cytoplasmic part of CD105 is zyxin, a focal 
adhesion protein that binds CD105 via three LIM 
(Lin-11 Isl-1 Mec-3) domains (/9). Zyxin-deficient 
fibroblasts show enhanced integrin activity and 
matrix adhesion (22), which was not further stim- 
ulated by CD105 expression (fig. S8). The de- 
pendence of CD105-stimulated integrin activity on 
zyxin, which by itself acts as a negative regulator 
of cell adhesion, could be explained by a scenario 
where de novo expression of CD105 interferes 
with zyxin’s inhibitory function at focal adhe- 
sion sites. In hVECs, which express zyxin but not 
CD105 (fig. S9), zyxin was located at peripheral 
contact sites (Fig. 3C). However, upon expres- 
sion of CD105wt, but not CD105A35, zyxin was 
delocalized (Fig. 3C and fig. S9). In contrast, the 
localization of the focal adhesion protein vinculin 
was unaltered (Fig. 3C). Increasing the cellular 
pool of zyxin by overexpression, but not by ex- 
pression of a zyxin mutant lacking the second and 
third LIM domains (zyxin A2/3LIM), abrogated 
the increased adhesion of CD105-transfected cells 
(Fig. 3D). Thus, CD105-mediated delocalization 
of endogenous zyxin positively influences integrin 
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activity and could be responsible for the enhanced 
cell adhesion and the suppression of epithelial ex- 
foliation triggered by CEACAM-binding bacteria. 

To test a causal relationship among CEACAM- 
dependent up-regulation of CD105, suppression 
of epithelial exfoliation, and improved colonization 
of the urogenital mucosa by pathogenic gonococci, 
we generated a GFP (green fluorescent protein)— 
and short hairpin RNA-encoding lentivirus tar- 
geting murine CD105 (shCD105) (fig. S10). In 
vivo, vaginal application of shCD105 or a GFP 
control virus resulted in strong expression of GFP 
in the superficial epithelial layer (fig. S10). To in- 
vestigate the role of CD105 expression for mu- 
cosal colonization in vivo, we applied shCD105 
or GFP control virus 24 hours before vaginal in- 
fection of mice. Application of shCD105 virus 
suppressed the ability of Ngo Opacga to colonize 
the urogenital tract of CEAtg mice, whereas the 
GFP control virus had no effect (Fig. 4A). More- 
over, SEM of the mucosa revealed that transduc- 
tion with shCD105 virus reversed the phenotype 
of the infected epithelial cells and allowed pro- 
nounced exfoliation in response to infection with 
CEACAM-binding bacteria (Fig. 4, B and C). In 
CEAtg mice treated with the GFP control virus, 
Ngo Opacga were still able to block exfoliation 
(Fig. 4, B and C). Thus, up-regulation of CD105 
on mucosal epithelial cells interferes with exfo- 
liation and promotes gonococcal colonization of 
the urogenital tract. To further confirm the causal 
relationship between CD105-initiated molecular 
processes and the suppression of epithelial exfo- 
liation, we transduced CEAtg mice with lentiviral 
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particles driving the expression of zyxin-GFP, 
zyxin-A2/3LIM-GFP, or GFP, respectively (fig. 
S11). Delivery of zyxin to the vaginal epithelium 
did not result in increased exfoliation of the un- 
infected mucosa (fig. S11). However, zyxin, but 
not zyxin-A2/3LIM, overexpression blocked the 
colonization of CEAtg mice by Opace,-expressing 
gonococci (Fig. 4D). The overexpression of zyxin, 
but not of zyxin-A2/3LIM, allowed exfoliation of 
CEA-positive cells infected with Ngo Opacga 
and reestablished the responsiveness of the vagi- 
nal mucosa (Fig. 4E and fig. S11). Thus, CEA- 
initiated up-regulation of CD105 on superficial 
epithelial cells and the resulting delocalization of 
zyxin from integrin-rich focal adhesion sites are 
the critical molecular events that allow CEACAM- 
binding microorganisms to counteract the exfo- 
liation response. 

Although symptomatic gonococcal infection 
in humans might be a multistep process orches- 
trated by additional virulence factors (73, 23), our 
results establish a specific role of Opacga pro- 
teins in promoting mucosal colonization. In vivo 
challenge experiments with male volunteers have 
revealed that after infection of the urethra with 
non-opaque gonococci, bacteria re-isolated from 
these volunteers almost invariably converted to 
an Opa protein—expressing phenotype (24, 25). In 
addition to the urogenital tract, members of the 
CEACAM family are present on all mucosal 
surfaces including the nasopharynx (26). These 
mucosal habitats are colonized by several Gram- 


negative bacterial species, which make use of 
unrelated protein adhesins to engage human 
CEACAMSs (27-31). The blockage of epithelial 
exfoliation afforded by CEACAM binding might 
have driven this convergent evolution that allows 
specialized bacteria to transform the mucosa into 
a dependable platform for colonization. 
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Signaling Kinase AMPK Activates 
Stress-Promoted Transcription via 
Histone H2B Phosphorylation 


David Bungard,* Benjamin J. Fuerth,”? Ping-Yao Zeng,*"* Brandon Faubert,”? Nancy L. Maas,” 


Benoit Violet, David Carling,’ Craig B. Thompson,® Russell G. Jones,”** Shelley L. Berger 


1,9,10, 


The mammalian adenosine monophosphate—activated protein kinase (AMPK) is a serine-threonine kinase 
protein complex that is a central regulator of cellular energy homeostasis. However, the mechanisms 

by which AMPK mediates cellular responses to metabolic stress remain unclear. We found that AMPK activates 
transcription through direct association with chromatin and phosphorylation of histone H2B at serine 36. 
AMPK recruitment and H2B Ser*° phosphorylation colocalized within genes activated by AMPK-dependent 
pathways, both in promoters and in transcribed regions. Ectopic expression of H2B in which Ser?° was 
substituted by alanine reduced transcription and RNA polymerase II association to AMPK-dependent genes, 
and lowered cell survival in response to stress. Our results place AMPK-dependent H2B Ser*° phosphorylation 
in a direct transcriptional and chromatin regulatory pathway leading to cellular adaptation to stress. 


ignaling pathways often involve cascades 

of protein phosphorylation that terminate 

in regulation of nuclear transcription. How- 
ever, the central kinases in these pathways are 
generally not thought to directly modulate tran- 
scription. One such signaling kinase, adenosine 
monophosphate—activated protein kinase (AMPK) 
(J), is activated by high substrate adenosine 
monophosphate levels under conditions of ener- 
getic stress, such as nutrient deprivation or hy- 
poxia. AMPK activation initiates a program of 


metabolic adaptation to preserve cellular energy 
(adenosine triphosphate conservation) and main- 
tain cellular viability (2). 

We investigated possible direct transcrip- 
tional mechanisms in the AMPK pathway. First, 
we examined whether AMPK broadly responds 
to cellular stress. Mouse embryonic fibroblasts 
(MEFs) were stressed by ultraviolet (UV) irra- 
diation, y irradiation, the topoisomerase inhibitor 
camptothecin, the DNA intercalating agent adri- 
amycin, the alkylating agent N-methyl-N’-nitro-N- 


nitrosoguanidine, or hydrogen peroxide. AMPK 
was activated [Thr'”” phosphorylation in the AMPK 
activation loop and phosphorylation of substrate 
ACCa. (acetyl coenzyme A-—carboxylase-a)] by 
all agents (Fig. 1A). Liver kinase B1 (LKB1) is 
one of three mammalian upstream AMPK kinases 
and activates AMPK upon bioenergetic stress (3). 
LKB1 also activated AMPK in response to either 
genotoxic (UV irradiation) or metabolic stress 
[the glycolytic inhibitor 2-deoxyglucose (2-DG)] 
(fig. S1). 
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Fig. 1. AMPK is required for stress-dependent 
transcription and localizes to stress-responsive 
genes. (A) Western blot of AMPK activation (AMPKa 
pThr*’2) and ACCo. phosphorylation (ACC. pSer’?) 
in MEFs in response to UV light, y irradiation (IR), 
camptothecin (CPT), adriamycin (Adr), N-methyl-N’- 
nitro-N-nitrosoguanidine (MNNG), or hydrogen 
peroxide (HO). Exposure times were 6 hours for 
UV, IR, CPT, and Adr and 30 min for MNNG and 
H50>. NT, no treatment; Glc, glucose. (B) Viability of 
wild-type (WT) and ampko’~ MEFs in response to 
indicated stresses. Left panel: glucose (Glc) with- 
drawal; right panel, UV irradiation (UVC). (C) 
Expression (qPCR) of p21, cptic, and gapdh mRNA 
in wild-type, AMPKo-deficient, or p53 RNAi— 
expressing MEFs after glucose withdrawal, relative 
to untreated cells. (D) ChIP of WT or dominant 
negative (MUT) myc-AMPK after glucose withdrawal 
in [kb1~~ MEFs cotransfected with either WT or 
catalytically inactive (MUT) FLAG-LKB1, both able to 
be immunoprecipitated [see (A), fig. $7, and (5)]. 
Data represent means + SEM for n = 3. (E to G) 
Endogenous AMPKa2 ChIP in untreated MEFs (-), 
2-DG (15 min), or UV (6 hours) (E); WT or ampka~ 
MEFs (F); and WT or p53” MEFs (G). Data represent 
means + SEM for n = 3. #P < 0.06, *P < 0.05, **P< 
0.01, ***P < 0.03. 


Fig. 2. H2B is an AMPK target. (A to D) In vitro 
phosphorylation by myc-AMPK immunoprecipi- 
tated from ampko-”’~ MEFs of recombinant human 
histones by beads alone, WT myc-AMPK, or catalytic 
mutant (D157A) myc-AMPK (right: myc Western 
blot) (A); recombinant human histones using myc- 
AMPK from glucose-treated cells (+glucose) or un- 
treated cells (glucose) (B); H2B peptides (C); and 
H2B 21-42 and SAMS peptide (D). (E) Western blots 
of wild-type or ampko" MEFs treated with 2-DG 
(25 mM for 10 min) or untreated. (F) Western blots 
of MEFs treated for 1 hour with AICAR (AIC, 2 mM) 
or phenformin (Ph, 3 mM) or untreated. 
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We next used wild-type or AMPKal- and 
AMPKa2-deficient MEFs (ampka’) to exam- 
ine whether AMPK influences cellular survival 
during stress (4). The ampka ‘" MEFs displayed 
decreased survival in the presence of metabolic 
stressors (Fig. 1B and fig. $2), UV irradiation 
(Fig. 1B), or hydrogen peroxide (fig. S2), indicat- 
ing that AMPK promotes cell survival in re- 
sponse to various metabolic and genotoxic stresses. 

Our previous work implicated AMPK and 
LKB1 in tumor suppressor p53—dependent meta- 
bolic and genotoxic stress responses (2, 5). We 
examined the involvement of AMPK in tran- 
scriptional regulation of p53-responsive genes. 
ampka ‘ MEFs showed decreased induction of 
p21, a well-characterized p53 target gene, in 
response to both glucose withdrawal and UV 
irradiation (Fig. 1C and fig. S3). The reduction in 
glucose-regulated gene expression was similar in 
magnitude to knockdown of p53 (Fig. 1C). Other 
p53-dependent genes, including reprimo, cyclinG, 
and cptic, showed reduced expression in ampko. 
cells deprived of glucose, whereas expression of 


a control gene, gapdh, was unaffected (Fig. 1C 
and fig. S4). A similar defect in stress-dependent 
transcription was observed in human cancer cells 
(HCT116 colon carcinoma) (fig. S5). The transcrip- 
tional defect observed in UV-treated cells occurred 
downstream of the DNA-damage checkpoint, as 
phosphorylation of Chk1, Rad17, and p53 in both 
Ikb1-’ and ampko. ‘cell lines was similar to that 
of wild-type controls (fig. S6). Thus, in cell cul- 
ture, the LKB1-AMPK pathway responds to a 
wide variety of metabolic and genotoxic stresses 
and is required for maximal stress-induced tran- 
scription of multiple p53-dependent genes that 
promote survival. 

These and previous results (6) implicate AMPK 
in gene activation, although the underlying mech- 
anisms have remained elusive. We used chroma- 
tin immunoprecipitation (ChIP) and quantitative 
polymerase chain reaction (qPCR) to investigate 
whether AMPK plays a direct role at p53-regulated 
genes in MEFs. We found that LKB1 coimmu- 
noprecipitated with AMPK in response to UV tr- 
radiation, and this interaction was dependent on 


A + + + +  myc-AMPK 
+ + = =  FLAG-H2B WT cpt1c promoter 
- - + +  FLAG-H2B S36A . 
© 2 os MORE » 47 ChIP: H2B pS36 
—- FLAG-H2B g . ia 
IP: myc i £ . BB ampko-/- 
= een G | myc-AMPK £2 
= ap me | FLAG-H28 z 
WCL | | ge dl) seme tema | myc-AMPK sa 
eet eed ee | ct Control 2-DG UV 
Cc ; 
cptic 1 2 3 4 5 & 7 Primers 
PD 
4 p53 bs Transcribed region 
9 2 ChIP: 
® 0 H2B pS36 
[S) 
£4 
3S ak 
ie) 
Lo : * ChIP: 
AMPKo2 
0 
1 2 3 4 5 6 7 
D , 
p21 1 2 3 4 5 6 7 Primers 
4 p53 bs x Transcribed region 
B : = 
ia : ChIP: 
28 H2B pS36 
oA, 1 2 3 4 5 6 7 
{e) 
LL KK * KK 
2 * ChIP: 
0 AMPKo2 
1 2 3 4 5 6 7 
Fig. 3. AMPK and H2B p$36 are localized to chromatin in response to stress. (A) Western blots showing 
myc-AMPK immunoprecipitation from WT H2B— or H2B $36A—expressing cells after AICAR treatment 
(1 mM, 24 hours). WCL, whole-cell lysate. (B) ChIP in WT or ampko”~ MEFs. Data represent means + 


SEM for n = 3. (C and D) ChIP along cptic gene 


(C) and p21 gene (D) with glucose (white bars) or 


without glucose (black bars). Data represent means + SEM for n = 3. *P < 0.01, **P < 0.05. 


REPORTS 


AMPK kinase activity (fig. S7). ChIP showed 
ectopic myc-AMPK associated with the cpt/c and 
p21 gene promoters in response to glucose 
withdrawal and UV treatment (Fig. 1D and fig. 
S8). Ectopic kinase-deficient myc-AMPKa or 
FLAG-tagged LKB1 abrogated the binding of 
AMPK to chromatin (Fig. 1D and fig. S8). 
FLAG-LKBI1 similarly associated with the p2/ 
promoter (fig. S9). Binding of AMPK or LKB1 
to promoters in unstressed cells was low (Fig. 1D 
and figs. S8 and $9). AMPK was also detected at 
the p2/ promoter in human HCT116 cells after UV 
treatment (fig. S10). This AMPK activation ap- 
pears to be specific for survival in response to 
stress, because AMPK was not detected at the 
PUMA promoter, a p53-dependent, pro-apoptotic 
gene (fig. S11). The immunoprecipitation and 
ChIP results suggest a functional, kinase-dependent 
interaction and promoter association of LKB1 and 
AMPK. 

ChIP of endogenous AMPK, using an AMPKo2 
antibody that immunoprecipitated the protein 
(fig. S12), showed increased AMPKa2 binding 
at p53 sites upstream of cpt/c in cells treated with 
2-DG and UV light (Fig. 1E; at the p2/ promot- 
er, fig. S13). The binding was reduced in both 
ampko.’ cells (Fig. 1F) and p53‘ cells (Fig. 1G). 
Thus, in response to cellular stress, LKB1 and 
AMPK physically localize to chromatin in an in- 
terdependent and p53-dependent fashion to reg- 
ulate gene transcription. 

Posttranslational modifications of core his- 
tones, including phosphorylation, function to reg- 
ulate transcription (7, 8). To examine histones 
as substrates of AMPK, we epitope-tagged the 
predominantly nuclear isoform AMPKa2 (9) and 
immunoprecipitated wild-type AMPKa2 or a cat- 
alytic mutant (Asp'°? > Ala) from transfected 
ampka ' MEFs after low glucose treatment to 
activate AMPK. The wild-type AMPKa2 com- 
plex specifically phosphorylated histone H2B 
above the nonspecific background activity of all 
four histones observed in the catalytic mutant and 
mock immunoprecipitations (Fig. 2A). AMPKa2 
from untreated cells exhibited low activity on H2B 
relative to AMPKa2 from stressed cells (Fig. 2B 
and fig. S15). H2A was also phosphorylated in 
these assays; however, phospho-H2A was detected 
in the mock immunoprecipitation and did not re- 
spond to stress, which suggested that the activity 
is nonspecific. These data indicate that activated 
AMPKo2 specifically phosphorylates H2B. 

Analysis of histone H2B revealed a poten- 
tial AMPK target motif (10, //) at Ser*® in the 
N terminus, similar to the AMPK substrates 
endothelial nitric oxide synthase (eNOS) and phos- 
phofructokinase 2 (PFK2) (H2B, Arg-Ser-Arg- 
Lys-Glu-Ser; eNOS, Arg-Ile-Arg-Thr-Gln-Ser; 
PFK2, Arg-Met-Arg-Arg-Asn-Ser), with con- 
served Arg residues at P—S and P-3 relative to 
the phosphoacceptor Ser*® (fig. S14) (12). We 
therefore compared peptides corresponding to res- 
idues | to 20 or 21 to 42 of H2B; only the H2B 
21-42 peptide was phosphorylated by immuno- 
precipitated AMPKa2. Moreover, an H2B 21-42 
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peptide harboring a Ser*® — Ala (S36A) substitu- 
tion was not phosphorylated, whereas $32A and 
S38A peptides were phosphorylated (Fig. 2C). In 
addition, myc-AMPKa2 phosphorylated the H2B 
21-42 peptide more efficiently than did SAMS 
(His-Met-Arg-Ser-Ala-Met-Ser-Gly-Leu-His- 
Leu-Val-Lys-Arg-Arg) peptide, a canonical AMPK 
target sequence (Fig. 2D) (73). Thus, H2B Ser®® isa 
robust in vitro AMPK substrate. 

We next examined whether AMPK is in- 
volved in the regulation of H2B Ser® phospho- 
rylation in vivo. We generated an antibody against 
an H2B pS36 peptide and extensively charac- 
terized the affinity-purified antibody in vitro and 
in vivo (fig. S16). H2B pS36 occurs in cells treated 
with 2-DG, which induced metabolic stress shown 
by increased phosphorylation of AMPKo and 
ACCa (Fig. 2E), whereas other histone marks, 
including H3, K9me3 H3, and pS10 H3, did not 
significantly change (fig. S17). In ampka '" MEFs, 
H2B pS36 did not increase after 2-DG treatment 
(Fig. 2E). We detected similar induction of H2B 
pS36 in cells with two well-characterized AMPK 
activators, aminoimidazole carboxamide ribonu- 
cleotide (AICAR) and phenformin (Fig. 2F). In 


addition, H2B pS36 was not detected in kbI 
MEFs but increased after reintroduction of LKB1, 
and 2-DG stimulated H2B pS36 only when LKB1 
was present (fig. S18). These results suggest that 
H2B Ser*® phosphorylation is downstream of the 
LKB1-AMPK signaling pathway in vivo in response 
to a broad range of metabolic stresses, and that 
AMPK is likely the direct kinase in this pathway. 
This global increase of H2B pS36 may not be lim- 
ited to p53 target genes (Fig. 1G), because H2B pS36 
levels were not reduced in p53’ cells (fig. S19). 
We found that transfected myc-AMPK and 
FLAG-H2B associate in 293T cells in response 
to the AMPK agonist AICAR (Fig. 3A). This 
interaction was ablated by an H2B S36A muta- 
tion (Fig. 3A), suggesting that Ser’? is critical for 
the interaction of AMPK and H2B. We next per- 
formed ChIP experiments in wild type and ampko. * 
MEFs to determine whether H2B pS36 is as- 
sociated with AMPK-dependent genes, specifi- 
cally at the p53 binding site in the cpt/c promoter. 
The H2B pS36 ChIP signal increased in response 
to both 2-DG and UV treatment, and the ChIP 
signal was reduced to background levels in 
AMPKo-deficient cells (Fig. 3B). 
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To compare the locations of endogenous 
AMPK and H2B pS36, we performed ChIP at 
cptic under normal and glucose-free conditions, 
using primers along the promoter, transcribed 
region, and upstream or downstream nontran- 
scribed regions (Fig. 3C, primer sets | to 7). 
Upon stress, an increase in H2B pS36 occurred at 
the p53 binding site (p53bs, primer set 2), a larger 
increase at the transcription start site (TSS, primer 
set 4), and only background levels upstream (prim- 
er set 1) and between (primer set 3) these sites, and 
downstream of the gene (primer set 7) (Fig. 3C). 
Notably, H2B pS36 associated throughout the 
transcribed region of cpt/c (primer sets 5 and 6) 
(Fig. 3C). We then used the AMPKa2 antibody 
and discovered a positive correlation between 
locations of endogenous AMPK and H2B pS36, 
again with localization throughout the transcribed 
region (Fig. 3C). The p2/ gene showed a similar 
positive correlation between H2B pS36 and en- 
dogenous AMPK localization at the p53 binding 
sites and along the transcribed region, but not 
around the gene and only in response to low glucose 
(Fig. 3D). As a control, we tested the gapdh gene, 
which showed no difference in ChIP signal between 
the stressed and unstressed cells (fig. S20). Similar 
results were observed at the cpt/c gene in response 
to UV treatment (fig. S21). Ectopic myc-AMPK 
also localized along the p2/ transcribed gene in 
response to low glucose and required AMPK cat- 
alytic activity (fig. S22). This correspondence in the 
location of AMPK and H2B pS36 suggests that 
the role of AMPK in transcriptional regulation is 
linked to the phosphorylation of H2B along tran- 
scribed regions of target genes. 

We generated clonal MEF cell lines with sta- 
ble ectopic expression of FLAG-H2B or mutant 
FLAG—H2B 836A, and, as shown above, only 
FLAG-H2B was detected by the H2B pS36 
antibody (fig. S16). The level of FLAG-tagged 
wild-type or mutant histone H2B was lower than 
that of endogenous H2B as measured by Western 
blot (fig. S23); however, both ectopic wild-type 
and H2B S36A similarly incorporated into chro- 
matin, as determined by ChIP and qPCR at the 
promoter and transcribed region of the cpt/c gene 
(fig. S24) and by coimmunoprecipitation of endog- 
enous H3 and H2B with FLAG-H2B as shown 
by Western blot (fig. S25). We isolated several 
equivalently expressing FLAG-H2B-— and FLAG— 
H2B S36A-expressing clonal lines (fig. S26). 
The cell lines treated with 2-DG showed com- 
parable levels of AMPK and induction of AMPK 
Thr'” and pACCa Ser” phosphorylation (fig. $27), 
suggesting that signaling to AMPK is unaffected by 
the S36A mutation. In response to glucose with- 
drawal, elevated transcription of the AMPK target 
genes p21, cptlc, reprimo, and cyclinG was detected 
in wild-type FLAG-H2B-expressing cells; however, 
FLAG-H2B S36A-expressing cells showed signif 
icantly reduced induction of these genes (Fig. 4A). 
Expression of the control genes gapdh and hadh 
was unaffected by expression of the S36A mutant 
(fig. S28). Thus, although expression of FLAG- 
H2B is low relative to endogenous H2B (figs. S23 
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and S25), we observed a significant and specific 
transcriptional defect in the cells ectopically ex- 
pressing S36A mutant H2B. 

We next tested the viability of these cells in 
response to various metabolic stresses including 
glucose withdrawal, 2-DG, and phenformin. The 
level of cell death induced by these stresses was 
significantly greater in the presence of ectopic 
H2B S36A, relative to cells expressing ectopic 
wild-type H2B (Fig. 4B). 

Finally, we examined whether RNA poly- 
merase II (Pol II) occupancy at genes is altered by 
ectopic expression of H2B S36A. ChIP analysis 
showed that Pol II was present through the cpt/c 
gene, and Pol II increased in glucose withdrawal 
(Fig. 4C). In FLAG—H2B S36A cells, the Pol II 
ChIP signal was reduced along the transcribed 
region of the cpt/c gene specifically under con- 
ditions of glucose withdrawal (Fig. 4C). These 
data point to AMPK-mediated phosphorylation 
of H2B at Ser*® as a critical transcriptional reg- 
ulatory step in the cellular adaptation response 
to stress, to optimize cell survival. 

Our results show that AMPK directly asso- 
ciates with chromatin to regulate transcriptional 
programs required to survive a wide variety of 
metabolic and environmental stresses. Mamma- 
lian AMPK is a histone kinase that preferentially 
phosphorylates histone H2B at Ser*®. Phospho- 
rylation of this site in vivo is acutely dependent 
on the LKB1-AMPK energy-sensing pathway, 
and through their direct action at genes. 

AMPK and H2B pS36 appear to regulate 
transcription by direct interaction between the 
kinase and the H2B substrate. AMPK appears to 
be recruited to specific promoters by transcription 
factors such as p53. AMPK may similarly influence 
other stress-induced transcriptional activators, includ- 
ing Foxo3a, peroxisome proliferator—activated 


receptor y coactivator la (PGC-1a), and trans- 
ducer of regulated CREB activity 2 (TORC2) 
(2, 14-16). AMPK colocalizes with and phos- 
phorylates H2B at p53 binding sites and along 
the transcribed cptic and p2/ genes. This pattern 
may be due to activator recruitment of the enzyme, 
followed by enzyme transit across transcribed re- 
gions, as seen for the SAGA-Gcn5-Ubp8 complex 
and in the acetylation of H3 with deubiquitination 
of H2B (/7, 18). Moreover, histone methylases 
associate with RNA Pol II to modify H3 across 
transcribed regions (/9). Our findings represent 
evidence for histone phosphorylation across tran- 
scribed regions, which suggests that AMPK, via 
H2B Ser” phosphorylation, may play a role in 
transcriptional elongation. 

Ectopic expression of the H2B S36A mutant, 
even in the presence of higher levels of endoge- 
nous wild-type H2B, significantly reduces tran- 
scription of AMPK target genes and stress 
survival. Hence, the modification may function 
processively to facilitate transcription elongation. 
Indeed, H2B Ser*® phosphorylation promotes 
RNA Pol II association to transcribed regions. 
Ectopic expression of mutant histone genes may 
be of broad utility to unravel functions of other 
histone modifications in mammalian cells. 

As part of the central energy-sensing pathway in 
eukaryotes, AMPK functions to maintain cellular 
energy homeostasis in the face of metabolic pertur- 
bations. Our data suggest that modification of H2B 
by AMPK may be a general stress-response path- 
way to tune specific transcriptional responses, reg- 
ulate cellular metabolism, and promote cell survival. 
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The Junctional Adhesion Molecule 
JAML Is a Costimulatory Receptor for 
Epithelial yé T Cell Activation 


Deborah A. Witherden,* Petra Verdino,” Stephanie E. Rieder,”* Olivia Garijo,’ Robyn E. Mills,7¢ 
Luc Teyton,? Wolfgang H. Fischer,’ lan A. Wilson,”? Wendy L. Havran?+ 


y6 T cells present in epithelial tissues provide a crucial first line of defense against environmental 
insults, including infection, trauma, and malignancy, yet the molecular events surrounding their 
activation remain poorly defined. Here we identify an epithelial y5 T cell-specific costimulatory 
molecule, junctional adhesion molecule—like protein (JAML). Binding of JAML to its ligand Coxsackie 
and adenovirus receptor (CAR) provides costimulation leading to cellular proliferation and cytokine 
and growth factor production. Inhibition of JAML costimulation leads to diminished yé T cell 
activation and delayed wound closure akin to that seen in the absence of yé T cells. Our results 
identify JAML as a crucial component of epithelial y5 T cell biology and have broader implications 
for CAR and JAML in tissue homeostasis and repair. 


ey players in cellular immunity, af and 

k 75 T cells, fulfill distinct, yet equally im- 
portant, functions. a8 T cells are primari- 

ly involved in foreign antigen recognition, whereas 


y6 T cells function in tissue homeostasis and re- 
cognition of damaged self (/—3). Epithelial yé T 
cells reside at the interface between organism and 
environment. They provide a rapid response to 


environmental insults and are crucial to the main- 
tenance of epithelial integrity (2, 4, 5). y6 T cells 
in the skin, also known as dendritic epidermal T 
cells (DETCs), are a prototypic epithelial yé T 
cell population. DETCs have cellular projections 
that are in constant contact with multiple neigh- 
boring keratinocytes and Langerhans cells (6) 
and are activated after interaction with damaged 
or malignant keratinocytes (2, 4). DETC acti- 
vation likely relies on the interplay of numerous 
cell surface molecules, as for a8 T cell activa- 
tion, but the underlying mechanisms of DETC 
activation are unknown. Furthermore, many of 
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the rules that apply to af T cell activation do not 
hold for yé T cells. Coreceptor engagement and 
costimulation are integral to effective af T cell 
activation, but DETCs do not express the CD4 or 
CD8 coreceptors or the costimulatory molecule 
CD28 (/, 7). Moreover, expression of MHC mo- 
lecules or the costimulatory ligand B7 on kerat- 
inocytes is not required for DETC recognition of 
antigen (/, 7). Identification of equivalent acti- 
vation molecules for y6 T cells has remained 
elusive. Although DETCs do express some co- 
stimulatory molecules, such as NKG2D (4, 8), 
these are not unique to 6 T cells, and their role in 
y6 T cell activation is not clearly defined. 

To shed light on the activation requirements 
of yd T cells, we generated monoclonal anti- 
bodies (mAbs) to cell surface molecules expressed 
by DETCs (9). Initial screens identified one mAb, 
HL4E10, as inducing potent proliferation of 
DETCs. The ligand for HL4E10 was expressed 
on the cell surface (Fig. 1A), which showed a 
punctate expression pattern, colocalizing with 


much of the T cell receptor (TCR) (Fig. 1B) and 
had a molecular mass of ~55 kD (Fig. 1C). Mass 
spectrometry identified the ligand as mouse junc- 
tional adhesion molecule—like protein (JAML), 
and the specificity of HL4E10 for mouse JAML 
was confirmed by flow cytometry and immuno- 
precipitation (figs. S1 and S2). 

JAML is a member of the junctional adhesion 
molecule (JAM) family (/0) and in humans is 
expressed on neutrophils and, to a lesser extent, 
on memory T cells and monocytes (/0, 1/). JAM 
family members are thought to regulate leukocyte- 
endothelial interactions, to facilitate tight-junction 
assembly, and to help orchestrate recruitment 
of leukocytes to sites of inflammation and wound 
repair (2, 13). As DETCs are primary responders 
to epidermal insult, JAML may play a crucial 
role in epidermal wound repair. 

Low-level expression of JAML was found on 
resting y6 T cells isolated from mouse epidermis 
and intestine, but not spleen (Fig. 1, D and E). 
When stimulated with a mitogen, 70 to 95% of yé 
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T cells from each of these tissues up-regulated 
JAML (Fig. 1D). Increased expression was evi- 
dent on DETCs within 4 hours and continued to 
increase for 24 to 48 hours (fig. S3). JAML was 
not found on B cells, CD4"aB T cells, or resting 
CD8' a T cells (Fig. 1, F and G). However, about 
50% of Concanavalin A (Con A)-activated, splenic 
CD8 "af T cells did express JAML (Fig. 1F), as did 
activated CD8aa° and CD80" af T cells in the 
intestine (fig. S4). In the spleen, the activated 
JAML'CDS8" population was. indistinguishable 
from the JAML CD8* T cells on the basis of ex- 
pression of several activation markers (fig. S5). 
Analysis of a number of cell lines further supported 
a restricted expression of mouse JAML (Fig. 1H), 
and we found no evidence of JAML expression on 
adult a8 or y6 thymocytes (fig. S6). Thus, the ex- 
pression pattern, as well as the proliferation results 
from our initial screen, suggested that JAML plays 
an important role in y6 T cell activation. 

Ligation of JAML with HL4E10 induced co- 
stimulation of both short-term cell lines from 
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Fig. 1. Murine JAML, a 55-kD protein expressed on y T cells, is recognized by mAb HL4E10. (A) We analyzed 7-17 
cells by flow cytometry for HL4E10 or control mAb staining. (B) y5 TCR and HL4E10 fluorescent staining (magnification 
x600) of 7-17 cells grown on coverslips. The nucleus is stained with 4’,6 -diamidino-2-phenylindole (DAPI). Scale bar 
represents 50 um. (C) Western blot analysis of 7-17 lysates immunoprecipitated with mAb HL4E10 (lane 1) or a control 
hamster mAb, 1F4, (lane 2). Protein identification by liquid chromatography and electrospray ionization mass 
spectrometry gave a high-scoring match with mouse JAML (Mascot score 151). (D) Flow cytometric analysis of JAML 
expression by resting and concanavalin A (ConA)—activated epithelial and peripheral yé T cells. Cells were gated on yé 


TCR*. (E) Quantitative reverse transcription polymerase chain reaction (RT-PCR) analysis of JAML expression in yé T cells from epidermis, intestine, and spleen. Relative 
amounts of JAML mRNA were normalized to B-actin and are shown as arbitrary units. (F) Flow cytometric analysis of JAML expression by splenic B cells, CD4* T cells, 
and CD8* T cells. Both resting and activated B cells (lipopolysaccharide-activated) and a T cells [phorbol 12-myristate 13-acetate (PMA) and ionomycin] were 
analyzed. (G) Quantitative RT-PCR analysis of JAML expression in CD4*CD8 and CD4 CD8* splenocytes. Relative amounts of JAML mRNA were normalized to B-actin 
and are shown as arbitrary units. ND, not determined. (H) JAML mRNA isolated from representative epithelial and lymphocyte cell lines: PAM keratinocytes (lane 1); 
373 fibroblasts (lane 2); double-positive thymocytes (DPK, lane 3); CD4* T cells (lane 4); CD8* T cells (lane 5); B cells (lane 6); y& T cells (7-17, lane 7); and RT control 
(lane 8). Data in (A) through (H) are representative of at least three experiments. 
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freshly isolated DETCs (Fig. 2A) and the estab- 
lished 7-17 DETC cell line (fig. S7). Costimula- 
tion through JAML induced proliferation (Fig. 
2A and fig. S7) and production of the cytokines 
interleukin-2 (IL-2), tumor necrosis factor-o. (TNFa), 
and interferon-y (IFN-y) (Fig. 2B and figs. S7 
and S8), which supported a role for JAML in the 
activation and effector function of epidermal y6 T 
cells. HL4E10 also induced potent costimulation 
of intestinal y6 T cells, but not splenic y6 T cells 
(Fig. 2C), whereas CD28, expressed by 6 T cells 
in the spleen but not intestine, only costimulated 
splenic yé T cells (Fig. 2C). This dichotomy of 
JAML function between epithelial and lymphoid 
65 T cells is perhaps surprising because of the ex- 
pression of JAML on both y6 T cell populations 
upon stimulation; however, tissue-resident y6 T 
cells constitutively express low levels of JAML, 
whereas lymphoid y6 T cells require activation to 
produce detectable JAML (Fig. 1, D and E). In- 
deed, unlike splenic y6 T cells, epithelial-resident 
y6 T cells were responsive to JAML costimulation 
directly ex vivo (Fig. 2C and fig. S9). JAML may 
thus contribute to later stages of lymphoid yé T 
cell activation, as suggested for inducible T cell 
costimulator (ICOS)}-mediated costimulation of 
af T cells (74). 


Although the necessity of costimulation in 
y6 T cell activation remains an open question, af 
T cells rely on efficient costimulation, most nota- 
bly through CD28, for their activation and ef- 
fector function (/5, 16). Despite expression of 
JAML on activated CD8* of T cells (Fig. 1F), it 
was unable to costimulate either CD4* or CD8* 
af T cells (Fig. 2D). Furthermore, intestinal 
CD8aa*, CD8aB", and CD4* af T cells did not 
respond to JAML costimulation (Fig. 2, E and F). 
Thus, the costimulatory function of JAML ap- 
pears to be specific for epithelial y6 T cells, in 
contrast to other putative y6 T cell costimulatory 
molecules (4). 

Recently, epithelial-expressed Coxsackie and 
adenovirus receptor (CAR) has been shown to be 
a ligand for JAML on neutrophils (77). We there- 
fore reasoned that the skin JAML ligand might 
also be CAR. CAR migrates at 46 kD (/8) and is 
not expressed by 3T3 fibroblasts (/9). As ex- 
pected, soluble JAML (sJAML) bound only to 
keratinocyte cell lines and not fibroblasts (Fig. 
3A) and precipitated a 46-kD protein from 
keratinocytes (Fig. 3B). 

CAR is best characterized as the primary 
receptor for Coxsackie B virus and adenoviruses 
(18, 20, 21). To confirm CAR as the ligand for 
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JAML in the epidermis, we performed competi- 
tive binding analysis using a soluble adenovirus 
fiber protein (Ad5 fiber knob; F5) and JAML 
(Fig. 3, C to F). Fluorescence-activated cell sort- 
ing analysis confirmed that the JAML ligand and 
CAR are expressed on keratinocytes (Fig. 3C). 
Addition of F5 to keratinocytes displaced (Fig. 3D) 
or blocked (Fig. 3E) binding of JAML, whereas 
fixation of keratinocyte-bound JAML before F5 
addition allowed simultaneous binding of some 
JAML and FS (Fig. 3F). These data confirmed that 
CAR is the keratinocyte ligand for JAML and, on 
the basis of displacement of JAML by F5, appears 
to represent a lower affinity interaction (Ky ~ 5 uM) 
(22) compared with a Kg ~ 8 nM for adenovirus 
serotype 5 (23), but comparable to other lympho- 
cyte cell-cell molecular interactions (24). 

Binding of soluble CAR and HL4E10 to 
JAML single-domain constructs demonstrated 
that CAR and HL4E10 recognize different epi- 
topes of JAML. HL4E10 bound the membrane- 
proximal JAML D2 immunoglobulin domain, 
whereas CAR-Fc bound the membrane distal 
JAML D1 immunoglobulin domain (fig. $10). 
This binding mode was confirmed in the crystal 
structure of JAML in complex with CAR (22), in 
contrast to previous suggestions (/7). 
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Fig. 2. JAML functions as a costimulatory molecule on epithelial y5 T 
cells, but not lymphoid yé T cells or af T cells. (A) Proliferation of 


cell lines to immobilized CD3-specific antibody (anti- 


CD3) either alone or in combination with JAML-specific (anti-JAML) 


mAb, HL4E10, or a control mAb, 1F4. (B) JAML costimulation induces cytokine production. ELISA analysis for 
TNFo, IL-2, and IFN-y from culture supernatants of DETCs stimulated with antibody against CD3 alone, against 
CD3 and JAML, or anti-CD3 and control mAb, 1F4. (C) Proliferation of intestinal or splenic y5 T cells to 
immobilized y5 TCR mAb (GL3) either alone or in combination with anti-JAML, control mAb 1F4, or anti-CD28. 
(D) Proliferation of splenic CD4* and CD8* T cells in response to immobilized anti-CD3 (0.4 ug/ml) alone or in 
combination with anti-JAML or anti-CD28. PMA and ionomycin were used as positive controls. (E) Proliferation 
of sorted CD8aa* af intraepithelial lymphocytes (IELs) to immobilized anti-CD3 (0.4 ug/ml) alone or in 


combination with anti-JAML or anti-CD28. Con A was used as a positive control. (F) IL-2 production by CD808* 


and CD4* a IELs in response to anti-CD3 (0.4 g/ml) in combination with JAML-specific antibody, control mAb 


1F4, or anti-CD28. IL-2 was measured by colorimetric assay with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide. 
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In vitro costimulation assays demonstrated 
that CAR is a functional ligand for JAML. CAR 
ligation of JAML induced proliferation (Fig. 3G) 
and IL-2 production (fig. S11) by DETCs that 
was comparable to mAb HL4E10. Although CAR 
has been extensively studied as a virus receptor 
(18, 20, 21) and, more recently, as an adhesion 
molecule (//, 17), these data demonstrate its 
importance as a signaling molecule in the im- 
mune system. 

CAR ligation of JAML leads to rapid and 
sustained phosphoinositide 3-kinase (PI3K) asso- 
ciation with a YMxM motif in the JAML intra- 
cellular domain (22, 25). In CD28 and ICOS, 
phosphorylated YMxM is also required for PI3K 
binding (26). CD28 and JAML are the only two 


molecules that contain a YMxMxPxxP motif in 
their intracellular domains (22), which suggests 
that they may also share other downstream signals. 
We therefore examined the effect of JAML li- 
gation on Akt, the key downstream target of 
PI3K and one of the central molecules for 
CD28-mediated costimulation. Rapid phospho- 
rylation of Akt at both Ser*”* and Thr*”* was 
induced in DETCs in response to CAR-JAML li- 
gation and was entirely abrogated in the presence 
ofa PI3K inhibitor (Fig. 3H). Thus, CAR-induced 
PI3K recruitment to JAML is tightly linked to 
activation of Akt and initiation of downstream 
signaling events. 

Activation of mitogen-activated protein kinase 
(MAPK) pathways downstream of PI3K associ- 


ation with CD28 is a hallmark feature of a8 T cell 
activation (26). In DETCs, costimulation through 
JAML led to JNK kinase activity at 5 min of TCR 
and JAML coligation (Fig. 31) compared with 20 
min for TCR ligation alone (fig. $12), which in- 
duced a ninefold increase in JNK activity over 
TCR stimulation alone and a fivefold increase 
over HL4E10 alone (Fig. 3J). In contrast, ERK 
phosphorylation and p38 kinase activity were very 
similar to TCR ligation alone (Fig. 3, I and J, and 
fig. S12). The early JNK activation suggests that 
JAML can enhance signals through the y6 TCR, 
and it remains to be seen if alternate pathways can 
also be activated. 

To address the role of JAML-CAR interac- 
tions in vivo, we first analyzed DETCs directly 
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anti-CD3 either alone or in combination with CAR-Fc, CD62L-Fc (a negative 
control Fc fusion protein), HL4E10, or control mAb 1F4. (H) Western blot analysis 
of phosphorylation of Akt Ser*”? and Thr°°? and total Akt in 7-17 DETCs after JAML 


ligation with CAR-Fc, in the presence or absence (dimethyl sulfoxide vehicle control) of the PI3K inhibitor LY294002. B-Actin was used as a loading control. (I and 
J) Western blot analysis of extracellular signal-regulated kinase (ERK) 1 and 2 phosphorylation and p38 and JNK kinase activity in 7-17 lysates after 5 min’s 
stimulation with anti-CD3, anti-JAML, or both. Total ERK is shown as a control. Quantification of data in (I) is shown in (J). Data in (A) through (J) are 


representative of at least three experiments. 
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isolated from the epidermis, where JAML co- 
stimulation resulted in proliferation (Fig. 4A) and 
cytokine production (fig. S13) comparable to 
those seen with DETC lines (Fig. 2, A and B, and 
Fig. 3G). Strikingly, costimulation of DETCs was 
required for effective cytokine production (Fig. 
4B). Proliferation of DETCs in vitro can be ac- 
hieved with high-dose TCR stimulation (fig. $14), 
as for a T cells (27). When we used CD3 alone, 
at a concentration effective for maximal prolifer- 
ation of DETCs (fig. $14), only minimal TNFa 
(Fig. 4B) production was apparent. In contrast, 
costimulation through JAML resulted in substan- 
tially more production of TNFa (Fig. 4B), which 
suggested that JAML costimulation is necessary 
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for rapid and robust production of the cytokines 
required for DETC effector function. Consistent 
with JAML’s role as a mediator of yd T cell func- 
tion, its use as a costimulator also up-regulated 
expression of keratinocyte growth factor 1 (KGF-1) 
in primary DETCs (Fig. 4C), a vital component 
of the wound repair process (2). 

A requirement for JAML-CAR costimulation 
in vivo is further supported by the response of ke- 
ratinocytes and DETCs to epidermal wounding. 
Keratinocytes immediately adjacent to the wound 
site up-regulate CAR expression beginning 4 hours 
post wounding (Fig. 4D). The neighboring DETCs 
become activated, as evidenced by an increased 
production of cytokines and growth factors (2, 28). 


D 


Blockade of JAML-CAR interactions, immediate- 
ly after wounding, reduced activation of DETCs 
isolated from the wound edge (Fig. 4E) and im- 
paired the healing response (Fig. 4F). A significant 
delay in wound closure followed treatment of 
wounds with a single dose of soluble adenovirus 
F5 protein (Fig. 4F) (29). Notably, the kinetics of 
wound closure followed very closely the repair 
observed in the skin in the absence of y6 T cells 
(Fig. 4F). No effect was seen after addition of the 
HL4AE10 mAb, presumably because of high levels 
of constitutive expression of CAR in the epidermis 
that is available for JAML binding; nevertheless, 
addition of the HL4E10 to F5-treated wounds 
restored wound closure kinetics to untreated levels 
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Fig. 4. Costimulation through JAML-CAR interactions mediates epithelial y6 T 
cell activation and effector function. (A) Proliferation of freshly isolated epidermal 
6 T cells to immobilized anti-CD3 (1 g/ml) either alone (0) or in combination 
with CAR-Fc or a negative control Fc fusion protein, CD62L-Fc. (B) Intracellular 
flow cytometric analysis of TNF-c: production by unstimulated, anti-CD3 stimulated 
(0.5 ug/ml), or anti-CD3 (0.05 g/ml) and CAR-Fc (10 ug/ml) stimulated 7-17 
DETCs. (C) Flow cytometric analysis of KGF expression by unstimulated primary 
DETCs or after stimulation with immobilized anti-CD3 (1 ug/ml) and CAR-Fc or 
anti-CD3 and control Fc fusion protein, CD62L-Fc. (D) Flow cytometric analysis of 
CAR expression by keratinocytes isolated from epidermis of C57BL/6 mice. Skin 
was either nonwounded or wounded, and keratinocytes were isolated at the 


indicated times. (E) Flow cytometric analysis of TNFa production by DETCs isolated 
from epidermis of C57BL/6 mice. Skin was nonwounded, wounded and treated 
with soluble F5 protein (F5-treated), wounded and treated with control soluble F11 
protein (Ctrl-treated), or wounded and not treated. (F) Wound closure in vivo in 
the presence of soluble F5 or a control protein, F11. Untreated C57BL/6 mice (0) 
and TCRS~ mice (A) were used as controls. (G) Wound closure in the presence of 
F5, HL4E10, or F5 and HL4E10. Untreated C57BL/6 mice (0) were used as a 
control for rate of wound closure. (H) Wound closure in F5-treated (F5) and 
untreated (0) TCR mice. Data represent means + SEM of four to eight wounds 
per condition. Student's t test P values (**P < 0.005 and *P < 0.05). Data in (A) 
through (H) are representative of more than three experiments. 
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(Fig. 4G). HL4E10 thus appears to be able to sub- 
stitute for CAR and to restore JAML-mediated 
costimulation to y6 T cells at the wound site. The 
specificity of FS treatment for JAML-CAR block- 
ade on y6 T cells was confirmed by the observa- 
tion that no further delay in wound closure was 
found after addition of F5 to TCR8~ wounds (Fig. 
4H). These data strongly suggest that the JAML- 
CAR interaction contributes to natural yé T cell 
activation and effector function. 

Epithelial y6 T cells provide a crucial first line 
of defense for epithelial barrier tissues. The com- 
plete activation of these cells is vital to their re- 
sponses to epithelial insults, such as infection, 
trauma, and malignancy. Assessment of the full 
extent to which epithelial yé T cells require JAML- 
CAR interactions in concert with TCR signals 
cannot be fully addressed until the cognate ligand 
for these cells is identified. Nevertheless, manipu- 
lation of the interaction between JAML and CAR 
may well increase the effectiveness of the epithelial 
y6 T cell response in cases of chronic disease, such 
as nonhealing wounds and epithelial malignancies. 
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The Molecular Interaction of CAR 
and JAML Recruits the Central Cell 


Signal Transducer PI3K 


Petra Verdino,? Deborah A. Witherden,* Wendy L. Havran,” lan A. Wilson??* 


Coxsackie and adenovirus receptor (CAR) is the primary cellular receptor for group B 
coxsackieviruses and most adenovirus serotypes and plays a crucial role in adenoviral gene 
therapy. Recent discovery of the interaction between junctional adhesion molecule—like protein 
(JAML) and CAR uncovered important functional roles in immunity, inflammation, and tissue 
homeostasis. Crystal structures of JAML ectodomain (2.2 angstroms) and its complex with CAR 
(2.8 angstroms) reveal an unusual immunoglobulin-domain assembly for JAML and a charged interface 
that confers high specificity. Biochemical and mutagenesis studies illustrate how CAR-mediated 
clustering of JAML recruits phosphoinositide 3-kinase (PI3K) to a JAML intracellular sequence motif as 
delineated for the of T cell costimulatory receptor CD28. Thus, CAR and JAML are cell signaling 
receptors of the immune system with implications for asthma, cancer, and chronic nonhealing wounds. 


he coxsackievirus and adenovirus recep- 

tor, CAR (/, 2), plays a crucial role in 
both virus-related pathology and adeno- 

viral gene therapy (3-5). The tissue distribution 
of CAR is broader than the observed virus 
tropism (6), and substantial efforts have been 
devoted to characterizing and modifying CAR- 
virus interactions to improve the efficacy and 
safety of adenoviral gene delivery (7). The high 
conservation of CAR among vertebrates and its 
low genetic diversity in humans have resulted in 
its frequent occurrence as a target in the evolu- 
tion of virus-host interactions (6). Such conser- 


vation indicates that CAR is physiologically 
important. However, although roles in embry- 
onic development, cell adhesion, tumor cell 
growth, inflammation, and tissue regeneration 
have been reported, the underlying mechanisms 
remain elusive (8, 9). The junctional adhesion 
molecule—like protein, JAML (/0), present on a 
variety of effector cells of both adaptive and 
innate immunity (including neutrophils, mono- 
cytes, memory T cells, and epithelial y5 T cells) 
was recently identified as an endogenous ligand 
of epithelial and endothelial CAR (//-14). CAR 
and JAML are both type I transmembrane gly- 


coproteins composed of a globular ectodomain 
(two immunoglobulin domains), a stalk (CAR: 
six residues, JAML: 26 residues), a single trans- 
membrane helix, and a cytoplasmic domain. 
The CAR-JAML interaction is important for 
leukocyte migration and for activating yé T cell 
responses (//—/4), with implications for epithe- 
lial challenges, such as wound repair or inflam- 
mation (/5). CAR binding to JAML on epithelial 
y5 T cells induces cytokine and growth factor 
production, mitogen-activated protein (MAP) ki- 
nase pathway activation, and, ultimately, cell pro- 
liferation (74), which indicates that JAML and 
CAR constitute an important cell-signaling com- 
plex of the immune system. To elucidate the mech- 
anisms underlying CAR and JAML physiology, 
we determined the crystal structure of this receptor- 
ligand pair. 

We expressed the mouse JAML ectodomain 
(residues 1 to 260) in SC2 cells, and purified 
and crystallized the protein (/6) (tables S1 and 
S2). The structure was determined initially by 
multiwavelength anomalous dispersion phasing 
at 3.4 A, by using a heavy atom derivative, and 
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then extended to 2.2 A by molecular replace- 
ment (MR) of the experimental model into a 
higher-resolution native x-ray data set. In JAML, 
two V-set immunoglobulin domains (D1 and D2) 
associate into a compact assembly (Fig. 1A), 
where their relative orientation is constrained by 
an interdomain, parallel B-sheet interaction of 
the D1 B strand and the D2 B’ strand, numerous 
H bonds, a salt bridge, hydrophobic packing, 
and a short interdomain linker (Fig. 1, B to D, 
and fig. S1). The interface between D1 and D2 
buries a total molecular surface area of 1050 A? 
(D1: 540 A’, D2: 510 A’). The extent of the 
interface, combined with identical relative orienta- 
tions of D1 and D2 in four different crystal forms 
(17), indicates that the highly compact JAML 
globular domain acts as a single rigid unit in 
contrast with typical, elongated structures of tan- 
dem immunoglobulin-domain receptors, such as 
CAR, CD2, or CD58 (fig. S2) (78), where flex- 
ibly linked immunoglobulin domains facilitate 
protein recognition. 

Carbohydrate moieties are present at all po- 
tential N-linked glycosylation sites (Asn*’, Asn, 
and Asn'°°) of JAML (Fig. 1A). However, these 
sites are not entirely conserved across species, 
which suggests that N-glycosylation is not di- 
rectly correlated with JAML function, but might 
aid protein stabilization and prevent nonspecific 
interactions on the cell membrane. The stalk, 
which tethers the extracellular immunoglobulin 
domains of JAML to the cell membrane, and the 
C-terminal His tag are disordered in the crys- 
tal. This stalk is rich in serine, threonine, pro- 


line, and alanine (fig. S3A) and is likely to be 
O-glycosylated in vivo. The glycosylation would 
confer some rigidity to the otherwise flexible 
stalk and would result in a distance of <60 A 
between the globular JAML domain and the mem- 
brane (Fig. 1A). 

JAML can thus be considered an unconven- 
tional immunoglobulin-domain receptor where 
the more compact and rigid assembly of its 
immunoglobulin domains provides the ligand- 
binding site, and its extended stalk provides suf- 
ficient flexibility to facilitate interaction with 
CAR on the opposing cell surface. To gain in- 
sight into this interaction, we determined the 
crystal structure of the ectodomain complex of 
JAML and CAR. 

The entire mouse CAR ectodomain (residues 
1 to 217) was produced in SF9 cells and crys- 
tallized in an equimolar ratio with mouse JAML. 
The crystal structure was determined at 2.8 A 
resolution by MR with unliganded JAML and 
human CAR D1 [Protein Data Bank accession 
no. LEAJ (/9)] as MR templates. The partially 
disordered CAR D2 domain was manually built 
using the nuclear magnetic resonance (NMR) 
structure of human CAR D2 [2NPL (20)] as a 
model (table S1). CAR and JAML form a 1:1 
complex in the crystallographic asymmetric unit 
and, as expected for interaction of cell surface 
receptors from opposing cells, their C-terminal 
stalks protrude in opposite directions (Fig. 2A). 
Well-defined electron density was observed for 
JAML and the V-set CAR D1 immunoglobulin 
domain (3, 19) (including the N-linked glycan 
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at Asn*”), The C2-set CAR D2 immunoglobulin 
domain (20) was partially disordered, which in- 
dicated flexible linkage of the two CAR immu- 
noglobulin domains and classified CAR as a 
typical tandem immunoglobulin-domain recep- 
tor. At the cell surface, CAR D2 is tethered to the 
membrane by a short stalk, and its motion may 
be additionally restricted by an N-glycan (Asn'*’) 
in a membrane-proximal loop (fig. $4); thus, the 
flexibly linked D1 appears to facilitate interaction 
with JAML and might also aid in attachment of 
CAR to coxsackie and adenoviruses (3, 4). 

The CAR-JAML interface is restricted to the 
membrane-distal D1 domains of both receptors 
(Fig. 2A and table S4) in contrast to previous 
suggestions (//). Domain-deletion experiments 
demonstrate that JAML D1 is sufficient for CAR 
binding (/4); however, JAML D2 exhibits indi- 
rect effects through enhancing both JAML ex- 
pression levels and CAR-binding affinity to the 
JAML D1 domain (fig. $5). The D1 GFCC’C” 
sheets of CAR and JAML pack face-to-face, 
comparable to the variable regions of the light and 
heavy chain (V,-V}) arrangement in antibodies 
or variable regions Vo-VB in T cell receptors. 
Additionally, the CAR A strand interacts with the 
JAML CC’-loop. The CAR-JAML interface buries 
a surface area of 1460 A? (CAR: 740 A’, JAML: 
720 A’), which is in the typical range for protein- 
protein complexes. Although its shape comple- 
mentarity (Sc = 0.64) is on the low side for 
protein-protein interactions, it is consistent with 
the relatively weak CAR-JAML affinity (Ky ~S uM) 
in solution (table S3), as in other cell-cell rec- 


Fig. 1. Crystal structure of the unliganded mouse JAML 
ectodomain reveals a novel prototype for tandem 
immunoglobulin-domain receptors. (A) Ribbon diagram of 
JAML D1 (membrane-distal, residues 10 to 121, light blue) 
and D2 (membrane-proximal, residues 122 to 236, salmon) 
immunoglobulin V-set domains comprising nine B strands 
arranged into two antiparallel B sheets (A’GFCC’C’:DEB) 
linked by canonical disulfide bridges (Cys”° to Cys”? and 
Cys"? to Cys***, green). D1 tightly packs its BED B sheet 
against the D2 B’C and FG loops. The D1 A strand (res- 
idues 1 to 9) and the C-terminal stalk region (residues 234 
to 260, dashes) which tethers the JAML immunoglobulin 
domains to the cell membrane were disordered. Carbo- 
hydrate moieties attached to the three N-linked glycosyl- 
ation sites (yellow sticks) are labeled. (B to D) Several 
interdomain interactions stabilize the relative orientation 
of D1 and D2 (see inset boxes). (B) A hydrophobic cluster 
is formed by Leu22, Val’*, Leu®® of D1, and Ile?*°, val22°, 
and Leu?”? of D2. Arg’’” forms a salt bridge with Asp®*, 
whose side-chain orientation is restrained by H bonds to 
Ser®?. (C) A short B strand (B’, red) in the BC loop of D2 
with the B strand of D1 creates a four-stranded DEBB’ 
interdomain B sheet. Additional interdomain H bonds 
(some water-mediated) are not shown: Arg** to Gln7*?, 
Glu’? to Gln***, Glu? to Ser?3’, Glu?” to Glu?22, Ser?° to 
Ser?°, Gln®” to Glu22*, and Gln®” to Ser?2°. (D) A short, 
rigid linker (residues 120 to 123) directly connects the D1 
G strand to the D2 A’ strand, as D2 lacks an A strand. The 
linker is stabilized by two prolines, an H-bond network, 
and a salt bridge between Glu?2* and Arg??”. 
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ognition systems (2/). However, avidity and con- 
centration effects for cell membrane-tethered re- 
ceptors likely result in a greater effective molarity 
on the cell surface (2/—23). 

The CAR-JAML interface is unusually hy- 
drophilic (Fig. 2E) and characterized by an array 
of interdigitated charged residues (Fig. 2C and 
fig. S6), which are conserved among homologs 
for both proteins (figs. S3 and S4). Two hydro- 
phobic clusters (Fig. 2D) and an antiparallel B- 
sheet interaction between the CAR C’ strand and 
the JAML D1 FG loop (Fig. 2B and fig. S7) 
provide additional stabilization. A total of 110 
protein-protein interactions between CAR and 
JAML include 13 salt links, 6 H bonds, and 91 
van der Waals’ contacts (table S4). Of the total 
buried surface area, 36% (CAR: 270 A”, JAML: 
260 A) is contributed by charged residues (Asp*>, 
Glu’, Asp”, Lys!?, and Lys!“ of CAR; Asp*, 
Arg?”, Asp®?, Glu, Arg", and Lys!!! of JAML) 
(Fig. 2E and fig. S6). The exceptional number 


Fig. 2. CAR-JAML ectodomain com- A 
plex structure. (A) Ribbon diagram 
of the CAR-JAML complex. JAML 
(D1, residues 11 to 121, light blue; 
D2, residues 122 to 236, salmon; 
disordered stalk, dashes), CAR [D1, 
residues 3 to 120, light green; D2, 
residues 121 to 216, gold; note 
that CAR D2 loops that were disor- 
dered in the crystal structure were 
grafted on from the CAR D2 NMR 
structure (2NPL, dots)], and carbo- 
hydrates (gray sticks). CAR and JAML 
interact with their D1 A’GFCC’'C” B 
sheets in a face-to-face, hand shake— 
like fashion. (B) An antiparallel B 
sheet is formed between the G strand 
(Ser*”” to Lys’) of JAML and the C’ 
strand (Ile*” to Val>4) of CAR, which 
moves ~6.2 A as compared with un- 
liganded CAR (fig. $7). (C) The in- 
terface is characterized by an array 
of interdigitated charged amino 
acids. Specifically, JAML Arg?” forms 
salt bridges with CAR Asp* and goa 
Glu*” and JAML Asp*®. CAR Glu?” 
also interacts with JAML Arg?°2, 
which forms a salt bridge to JAML 
Asp?°. CAR Lys?” interacts with 
JAML Glu?” and Asp’, which in turn 
forms bidentate interactions with CAR 
Lys*™, (D) The functional hotspot of 
the CAR-JAML interaction: JAML 
Asp”, Tyr, Phe®®, and Tyr” and 
CAR Lys", (E) Open-book represen- 
tation of the CAR-JAML interface. 
Atoms that form contacts are col- 
ored green and blue on the molec- 
ular surfaces of JAML and CAR, 
respectively. Above, the electrostatic 
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of interdigitating salt bridges contributes binding 
energy but, more important, imparts high ligand 
specificity as demonstrated by mutational analy- 
sis (figs. S8 and S9). JAML Asp’, Tyr”, Phe?>, 
and Tyr’, and CAR Lys!™ compose the functional 
hotspot of the interaction (Fig. 2D). JAML Tyr* 
orients Asp*’ such that it binds CAR Lys'™ in an 
extended conformation in which its aliphatic portion 
packs against JAML Phe* and Tyr’. The Tyr’ 
hydroxyl also forms crucial H bonds to the CAR 
backbone. The charged interface and functional 
hotspot of the JAML-CAR complex show signif- 
icant similarities to the CD2-CDS58 interaction 
(/8) (fig. S10), although low sequence identity 
(14% for the D1 domains of JAML and CD2, 
20% for the D1 domains of CAR and CD58) and 
different interface topology do not suggest any 
evolutionary relation between those receptor- 
ligand pairs. 

The JAML-binding site on CAR overlaps 
with the receptor-binding site for adenoviruses 


C # 


potential was mapped onto the 


molecular surface and contoured at +35 kT/eV (blue/red). CAR residues 
contacting JAML are shown as green sticks above the JAML surface. JAML 
residues contacting CAR are shown as blue sticks above the CAR surface. The 


(3, 4) (Fig. 3). Adenoviruses interact with up to 
16 of the 18 CAR residues that mediate JAML 
binding (Fig. 3B and fig. S11) and thus inhibit 
JAML-CAR interaction (/4) and induction of 
y6 T cell signaling (fig. S15). In contrast, only 
six residues of the Coxsackie B virus—binding 
site overlap with the functional CAR interface, 
but notably these include hotspot residue Lys!™. 
The high degree of conservation and the sen- 
sitivity of the key residues of the CAR-JAML 
interface to mutation support the idea that some 
viruses ensure long-term entry into host cells by 
interaction with highly conserved receptor-binding 
sites, as any mutations would compromise re- 
ceptor function (9, 19). 

The CAR-JAML ectodomain interaction in- 
duces cell signaling events at the JAML intra- 
cellular domain (ICD) (Fig. 4A and fig. S3A) 
(/4), but the mechanism of signal transduction 
across the cell membrane has not been determined 
previously. Although no significant structural 


surfaces of CAR and JAML are highly complementary, which ensures high ligand 
specificity. The strong electrostatic component of this interaction accounts for 
rapid kinetics and likely a high sensitivity to the environment. 
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rearrangements occur in the JAML ectodomain 
on CAR ligation, JAML and CAR can apparently 
exist as both monomers and dimers (/2, 19). In 
the crystal, a dimer of the CAR-JAML complex, 
with an interface size (~1400 A’) and shape 
complementarity (Sc = 0.73) within the range of 
typical protein-protein interactions (Sc = 0.70 to 
0.76), is assembled on the crystallographic two- 
fold axis (figs. S12 and S13). Although the bio- 
logical relevance of this particular assembly 
remains to be established (24), JAML dimeri- 
zation and/or clustering as a mechanism for sig- 
nal transduction is strongly supported by the 
finding that binding of dimeric, but not mono- 
meric, CAR or antibody ligands recruits phos- 
phoinositide 3-kinase (PI3K) to the JAML ICD 
(Fig. 4, D and E). 

How does the interaction between CAR and 
JAML activate y5 T cell responses during epi- 
thelial insults (74)? The JAML ICD is highly 
conserved (which suggests interaction with in- 
tracellular proteins) and contains putative serine, 


CAR D2 - 


CAR D1 
JAML D1 
aN 
JAML D2 VY 
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threonine, and tyrosine phosphorylation sites 
(fig. S3A). Notably, it includes a YMxMxPxxP 
signaling motif (25) similar to that in the major 
costimulatory af T cell coreceptor CD28 (fig. 
S3B). The tyrosine-phosphorylated motif in CD28 
binds the universal signal transducer PI3K 1A 
(26-28) leading to activation of MAP kinase 
pathways and interleukin-2 (IL-2) production 
(28, 29). 

As resting and activated epithelial yé T cells 
lack the major PI3K-binding of costimulatory 
receptors, CD28 and ICOS, and ligand binding 
to JAML leads to MAP kinase activation and IL-2 
production (14), we tested whether JAML me- 
diates costimulation through interaction with PI3K. 
Indeed, on epithelial y5 T cells, PI3K associates 
with JAML within Imin of CAR ligation (Fig. 
4A). Once PI3K has been recruited, disruption 
of the CAR-JAML interaction leads to rapid 
decline of PI3K levels (Fig. 4B), tightly linking 
extracellular protein-recognition events to intra- 
cellular signaling. PI3K binding to JAML also 
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strongly correlates with affinity of the CAR- 
JAML interaction, as demonstrated by decreased 
kinase recruitment by CAR mutants that have 
reduced binding to JAML (Fig. 4C and fig. S9). 
To further dissect the JAML-PI3K interaction, 
mutants of the JAML intracellular signaling mo- 
tifs were generated. In JAML-transfected Chinese 
hamster ovary (CHO) cells, PI3K binds constitu- 
tively to wild-type JAML and a Y314F mutant, 
but not to a Y336F mutant, of the YMxM motif 
(Fig. 4F), identifying this region as the PI3K- 
binding site. In P340A/P343A/P346A JAML mu- 
tants, negligible PI3K association occurs, which 
suggests that, as for CD28 (26-28), the polypro- 
line motif serves to recruit a primary kinase to 
phosphorylate YMxM and that PI3K association 
to JAML critically depends on the phosphoryl- 
ation state of the PI3K-binding motif. Despite 
low sequence identity (11% for JAML and CD28, 
16% for CAR and B7-1) and the different do- 
main organization of JAML and CD28, these re- 
sults demonstrate a striking functional similarity 


Fig. 3. Comparison of functional and viral epitopes of CAR. (A) Schematic 
representations of CAR complex structures: from left to right: mCAR-mJAML 
[PDB no. 3MJ7, this work], hCAR-hAd12 [1KAC (3)], hCAR-hCVB3 [1JEW (4)], 
and hCAR homodimer [1EA] (29)]. (B) Molecular surface of the CAR D1 
domain in the various CAR complex structures. CAR atoms that are part of 


the epitope for the respective ligands are colored blue (CAR-JAML), red (CAR- 
Ad12), brown (CAR-CVB3), and light green (CAR homodimer). The CAR-JAML 
binding site mostly coincides with both the adenoviral and the homodimer- 
ization interface of CAR, whereas the coxsackievirus B—binding site is located 
at the periphery of the functional CAR interfaces. 
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Fig. 4. Ligand-induced PI3K recruitment to the JAML ICD. PI3K-specific 
antibody Western blots of JAML immunoprecipitated with anti-JAML HL4E10 
immunoglobulin G (IgG) from epithelial 6 T cell lysates after stimulation with 
ligands (A to E) or from JAML mutant-transfected CHO cell lysates (F). (A) Time 
course of stimulation with CAR-Fc. After 1 min, PI3K association to JAML is sig- 
nificantly elevated over the basal level. (B) PI3K recruitment is rapidly switched off 
once CAR is released from the JAML ectodomain. y6 T cells were incubated with 
buffer (DPBS) or adenovirus F5 protein (F5) or were stimulated with CAR (CAR-Fc) 
followed by an excess of F5 (which competes with JAML for CAR-binding). F5 
alone does not alter basal PI3K levels (DPBS), whereas a 1-min addition of F5 
(CAR-Fc+1min F5) significantly decreases PI3K recruitment in CAR-stimulated 
65 T cells (CAR-Fc+1min). (C) Functional consequences of mutations in the CAR- 
JAML interface on downstream signaling by JAML. wt CAR-Fc and an N49A 
mutant induce significant PI3K recruitment, consistent with their comparable 
JAML-binding characteristics (fig. S9) and location of CAR Asp” at the periphery 
of the JAML-binding site (Fig. 2E), where mutations would be expected to cause 


HL4E10 HL4E10 
+ DPBS IgG F(ab’) CAR-Fc 


ee ee ee 


CAR-His CD62L-Fe CD1id-His 


HL4E10 HL4E10 


+ DPBS IgG Fab oe 
TX os 
a a ea Ra 
X oy yy OF 
v s f- & 
& e5° pe) & 
£ ° g gs 
& & Ww Ss x & wv 
se ¢ § F SF FF F 
s x Xx XxX @ gk Lf & 
— -- 


smaller effects on binding. Mutation of CAR Asp? induces less, but does not 
entirely abolish, PI3K binding to JAML, consistent with its interaction with JAML 
Arg?”, for which mutations are well tolerated. In contrast, CAR mutants E37A, 
K102A, and K104A, all of which interact with JAML hotspot residues (Fig. 20), 
do not induce significant PI3K recruitment. (D and E) Dimeric, but not 
monomeric, ligands induce PI3K recruitment to JAML. PI3K levels are increased 
by JAML binding of bivalent HL4E10 IgG, bivalent HL4E10 Fab’ fragment, and 
dimeric CAR (CAR-Fc fusion protein), but not by monovalent HL4E10 Fab or 
monomeric CAR (CAR-His). Fc- or His-tagged control proteins (CD62L-Fc and 
CD1d-His) do not induce PI3K recruitment. (F) Dissection of the role of con- 
served JAML intracellular signaling motifs in PI3K binding. PI3K constitutively 
binds to wild-type and Y314F JAML, whereas binding is abolished to any Y336F 
mutants in the YMxM PI3K-binding motif. PI3K association is greatly reduced in JAML 
polyproline motif mutants P340A/P343A/P346A and Y314F/P340A/P343A/P346A, 
even though they still exhibit an intact YMxM motif. Data are representative of 
at least three independent experiments. 


Materials and methods are available as supporting 


. JAML crystallized in space group P43 in two forms with 


1molV/ASU and with 2mol/ASU, in F222 with 1mol/ASU, 


. Although the high protein concentration in the crystal 


may facilitate CAR-JAML heterotetramer formation 

he effective 
concentration arising from 2D diffusion of receptors on 
the cell membrane, the weak affinity constant for 
oligomerization may explain the difficulty in isolating a 
experiments. 
Analytical ultracentrifugation (AUC), coimmunoprecipitation 
of differentially tagged JAML and CAR, and Bimolecular 
Fluorescence Complementation (BiFC) assays were used to 
investigate the formation of CAR-JAML heterotetramers in 
solution and on the cell surface. Although there was some 
indication of a CAR-JAML heterotetramer from AUC (table 
$3) and for JAML dimers from cross-linking experiments and 
BiFC, providing definitive biochemical evidence for a very 
low affinity CAR-JAML heterotetramer was intrinsically 
hampered by experimental constraints (e.g., the limited 


experiments or that soluble CAR proteins are a poor probe 
to investigate the heterotypic interactions that naturally 
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Glutamine Deamidation and 
Dysfunction of Ubiquitin/NEDD8 
Induced by a Bacterial Effector Family 


Jixin Cui,*? Qing Yao,” Shan Li,? Xiaojun Ding,” Qiuhe Lu,? Haibin Mao,’ Liping Liu,” 


Ning Zheng,?* She Chen,” Feng Shao** 


A family of bacterial effectors including Cif homolog from Burkholderia pseudomallei (CHBP) and 
Cif from Enteropathogenic Escherichia coli (EPEC) adopt a functionally important papain-like 
hydrolytic fold. We show here that CHBP was a potent inhibitor of the eukaryotic ubiquitination 
pathway. CHBP acted as a deamidase that specifically and efficiently deamidated Gln*° in ubiquitin 
and ubiquitin-like protein NEDD8 both in vitro and during Burkholderia infection. Deamidated 
ubiquitin was impaired in supporting ubiquitin-chain synthesis. Cif selectively deamidated NEDD8, 
which abolished the activity of neddylated Cullin-RING ubiquitin ligases (CRLs). Ubiquitination 
and ubiquitin-dependent degradation of multiple CRL substrates were impaired by Cif in 
EPEC-infected cells. Mutations of substrate-contacting residues in Cif abolished or attenuated 
EPEC-induced cytopathic phenotypes of cell cycle arrest and actin stress fiber formation. 


ram-negative bacterial pathogens use a 
(3 III secretion system (TTSS) to trans- 

locate effectors into eukaryotic host cells, 
serving as a key virulence mechanism (J, 2). 
Several effectors from different bacteria inhibit 
host cell cycle progression (3—6). Cif (cycle in- 
hibiting factor) from Enteropathogenic E£. coli 
(EPEC) arrests cell cycle at G2/M or G1/S transi- 
tion (7). Cif homolog in Burkholderia pseu- 
domallei (CHBP) also arrests cell cycle when 
delivered into eukaryotic cells (8). Cif and CHBP 
belong to a growing family of TTSS effectors 
that adopt a papain-like hydrolytic fold with a 
Cys-His-Asp/Asn/Glu/GIn catalytic triad (8-10). 
The host target and underlying mechanism for 
cell cycle arrest by the Cif/CHBP family are 
unknown. 

Progression of eukaryotic cell cycle is driven 
by the ubiquitin-proteasome system (UPS) that 
mediates timed degradation of key cell cycle 
regulators. When delivered into HeLa cells that 
express green fluorescent protein (GFP) reporters 
of the UPS (//), purified CHBP, but not its cat- 
alytic mutant (C156S) (/2), blocked degradation 
of Ub?”°Y-GFP and Ub-R-GFP, but not the con- 
trol Ub-M-GFP reporter (Fig. 1A). TNFo (tumor 
necrosis factor alpha) induces NF-«B (nuclear 
factor «B)-regulated gene transcription through 
UPS-dependent degradation of IxkBo (inhibitor 
of NF-«B), which was also suppressed by CHBP 
(fig. S1). Ubiquitination is a sequential three- 
enzyme cascade composed of ubiquitin-activation 
enzyme E1, ubiquitin-conjugating enzyme E2, and 
ubiquitin ligase E3. CHBP blocked free ubiquitin- 
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chain synthesis catalyzed by different E3-E2 pairs, 
including a RING-domain E3 gp78c/Ube2g2 (/3) 
(Fig. 1B and fig. S2, A to C). CHBP also blocked 
ubiquitination of RhoA mediated by a Cullin- 
based E3 complex (/4) (Fig. 1C). Blocking 
ubiquitination required the catalytic cysteine in 
CHBP. CHBP is not a deubiquitinase, as it failed 
to disassemble polyubiquitin chains (fig. S2D). 
CHBP did not affect formation of E1~Ub and 
E2~Ub thioester intermediates (fig. S3). How- 
ever, when CHBP-incubated E2~Ub thioester was 
reacted with E3, chain synthesis was largely in- 


REPORTS 


hibited (fig. S4). Thus, CHBP inactivates the 
E2~Ub thioester and is a potent and general in- 
hibitor of the ubiquitination pathway. 

None of El, E2, ubiquitin, and E2~Ub thio- 
ester exhibited any changes when CHBP-incubated 
E2-charge reaction mixtures were subjected to 
reducing or nonreducing sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE). 
When analyzed on a native PAGE gel, the E2~Ub 
thioester showed a faster migration toward the 
anode (fig. SSA). E2 recovered from the shifted 
E2~Ub thioester showed no mobility changes (fig. 
S5B). When free ubiquitin was treated with purified 
CHBP, but not its catalytic-triad mutants, a similar 
faster migration appeared (Fig. 1D). The mobility 
shift was greater than that of the E2~Ub thioester 
due to the smaller size of ubiquitin. Mass spectrom- 
etry was employed to reveal CHBP-induced modi- 
fication on ubiquitin. Among the 15 tryptic peptides 
that cover the entire ubiquitin sequence, three 
overlapping ones (,,AKIQDKEGIPPDQQRy4p>, 
30IQDKEGIPPDQQR,p, and 3p9IQDKEGIPPDQ- 
QRLIFAGK4s) from CHBP-treated ubiquitin 
showed a 1-dalton mass increase (fig. S6). Tan- 
dem mass spectrometry revealed that the 1-dalton 
increase occurred on Gin*® in ubiquitin (Fig. 2A), 
indicating a deamidation reaction. Substitution of 
Gin” with Glu, but not Ala, caused a mobility 
change indistinguishable from that of CHBP- 
modified ubiquitin, and further CHBP treatment 
generated no additional shifts (Fig. 2B). Thus, 
CHBP specifically deamidates Gln“? in ubiquitin. 

Similar to the effect of CHBP, ubiquitin Q40E 
was compromised in supporting in vitro ubiquitin- 
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Fig. 1. CHBP blocks ubiquitination by covalently modifying ubiquitin. (A) GFP reporter assays of 
effects of CHBP on the host ubiquitination pathway. Purified CHBP was directly delivered into HeLa 
cells expressing Ub°’°Y-GFP, Ub-R-GFP, or Ub-M-GFP reporters. CHBP™”, wild-type CHBP; CHBP“®, 
the catalytic cysteine mutant (C156S). (B and C) Effects of CHBP on in vitro ubiquitin-chain synthesis. In 
(B), gp78c and Ube2g2 were used as the E3 and E2, respectively, and reactions were stopped at indicated 
time points. Ubiquitination of RhoA by the Cul3/Roc1/BACURD complex was examined in (C). Ub,, 
ubiquitin chain; #, immunoglobulin G (IgG) heavy and light chains. (D) Native PAGE analysis of free 
ubiquitin treated with purified CHBP. WT, wild-type CHBP; C/S, C/A, H/A, and Q/A are mutations in the 
catalytic triad of CHBP. Coomassie blue—stained gel is shown. 
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chain synthesis (Fig. 2C) without affecting El 
and E2 charging (fig. $3). CHBP-inactivated 
E2~Ub thioester also contained a deamidated 
Gln* (fig. S7), suggesting that ubiquitin Q40E 
is defective in being transferred from E2 to the 
acceptor ubiquitin during chain synthesis. Con- 
sistently, Gln"? side chain is involved in inter- 
actions with E3 in the NEDD4L/E2~Ub oxyester 
complex (/5). Ectopic expression of ubiquitin 
Q40E impaired TNFo-induced NF-«B luciferase 
reporter activation and led to the accumulation of 
several UPS substrates (fig. S8). Translocation of 
CHBP into HeLa cells by the EPEC TTSS also 
stabilized UPS substrates (fig. S9). Thus, de- 
amidation of Gln"® in ubiquitin by CHBP atten- 
uates ubiquitination both in vitro and in cells. 

Ubiquitin-like proteins (UBLs) share ubiq- 
uitin’s three-dimensional fold (/6). NEDD8 har- 
bors ~80% sequence similarity with ubiquitin, 
whereas other UBLs are generally not similar to 
ubiquitin in primary sequence. Gin* is conserved 
in NEDD8, SUMO2/3, and LC3, but only NEDD8 
showed a mobility shift on the native gel upon 
CHBP treatment (Fig. 2D), resulting from de- 
amidation of Gin*° (fig. $10). Thus, NEDD8 is 
another specific deamidation substrate of CHBP. 

B. thailandensis serves as a model to study 
the virulence-associated TTSS system of B. 
pseudomallei (17). B. thailandensis harboring 
a CHBP expression plasmid was used to infect 
293T cells that express UbAGG or NEDD8AGG. 
Nearly 100% of NEDD8AGG and about 50% of 
UbAGG were deamidated in a CHBP-dependent 
manner (Fig. 2E). This agrees with the potent 
in vitro activity of CHBP and its slight prefer- 
ence for NEDD8 over ubiquitin. Thus, CHBP 
deamidates both NEDD8 and ubiquitin during 
Burkholderia infection. 

To compare enzymatic properties of CHBP 
with its EPEC homolog, 350 pmol of NEDD8 
or ubiquitin in a 20-ul reaction (18 uM) was 
titrated with recombinant CHBP or Cif (fig. S11). 
After a 20-min reaction, 0.3 pmol and 0.03 pmol 
of CHBP were sufficient to deamidate nearly all 
350 pmol of ubiquitin and NEDD8, respectively 
(Fig. 3A and fig. S11A). Although the activity of 
Cif on NEDD8 was comparable to that of CHBP 
on NEDD§, the activity of Cif on ubiquitin was 
lower by a factor of about 1000 than that on 
NEDD8& (Fig. 3A and fig. S11B). Consistently, 
NEDD8AGG was completely deamidated in 
HeLa cells infected with the Cif-bearing EPEC 
strain (E22), but not the Cif-deficient strain 
(E2348/49). In contrast, deamidation of UbAGG 
was not detected (Fig. 3B). Complementation of 
E2348/49 with wild-type Cif, but not the catalytic 
mutant, restored NEDD8 deamidation (Fig. 3B). 

NEDD8 is conjugated to Cullins that mediate 
the assembly ofa large repertoire of Cullin-RING 
ubiquitin ligases (CRLs), and neddylation stim- 
ulates the activity of CRLs (8, 19). In EPEC- 
infected cells, substrates of CRLs (p27, Nrf2 and 
HIF-1a) accumulated in a Cif catalytic cysteine- 
dependent manner (Fig. 3C and fig. $12), where- 
as their mRNA levels were not affected (fig. 


$13). Consistently, ubiquitination of Nrf2 and p27 
was markedly decreased (Fig. 3D). Non-CRL 
substrates—including p53, Mcl-1 (20), PINK1 (27), 
MOAPI (22), and Ub-R-GFP reporter—were 
not stabilized (Fig. 3C and fig. S12). Thus, 
NEDD8 deamidation by Cif inactivates CRLs in 
infected cells. 

Neddylation-stimulated CRL activation was 
reconstituted using Cul3/Rocl/Keap1 complex- 
catalyzed Nrf2 ubiquitination (Fig. 3, E and F). 
Neddylation of Cul3/Rocl complex resulted in 
increased Nrf2 ubiquitination, and replacement 
of NEDD8 with NEDD8 Q40E abolished this 
stimulation effect (Fig. 3F) without disturbing 
autoneddylation of the Cul3/Roc! complex (Fig. 
3E and fig. S14). Similarly, deamidated ubiquitin 
did not affect Cul3 monoubiquitination (fig. S14). 
NEDD8 Q40E-conjugated Cul3 complex was 
even less active than the unneddylated counter- 
part (Fig. 3F), likely due to Glu-40 interfering 
with conformational changes of the Cullin/Roc1 
complex (23). Thus, NEDD8 deamidation di- 
rectly impairs the ubiquitination ligase activity of 
the neddylated CRL complex. 

EPEC infection produces Cif-dependent actin 
stress fibers (6). Mutation of Cif deamidase cat- 
alytic residues abolished the development of stress 
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fibers (fig. SISA) without affecting type II- 
dependent secretion (fig. S16). Actin stress fiber 
formation is controlled by RhoA, a Rho-family 
small guanosine triphosphatase (GTPase) and also 
a specific substrate of the Cul3/BACURD CRL 
complex (/4). A panel of Rho GTPases was ex- 
amined after EPEC infection, and only RhoA was 
stabilized by the deamidase activity of Cif (fig. 
S15B). Thus, Cif infection—induced formation 
of prominent actin stress fibers is probably due 
to dysfunction of CRLs as a result of NEDD8 
deamidation. 

Ectopic expression of NEDD8 Q40E resulted 
in accumulation of CRL substrates such as p27, 
Nrf2, and HIF-la, but not non-CRL substrates 
(Fig. 4A and fig. S17). HeLa cells expressing 
NEDD8 Q40E showed decreased bromodeoxy- 
uridine (BrdU) incorporation (Fig. 4B), indicating 
a defect in cell cycle progression. About 35% of 
transfected HeLa cells became enlarged with strong 
actin stress fibers, resembling the effect of EPEC 
infection. Thus, ectopic expression of NEDD8 
Q40E partially recapitulates effects of Cif infec- 
tion on impairing the CRL function. 

Several point mutations in Cif were generated 
according to the crystal structure of CHBP/ubiquitin 
complex (Protein Data Bank ID code 3NZ5). 
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Fig. 2. CHBP deamidates Gln*° in ubiquitin and NEDD8 in vitro and during infection. (A) Electrospray 
ionization tandem mass spectrometry (MS/MS) spectrum of a Gln*°-containing tryptic peptide from CHBP- 
treated ubiquitin. b and y ions are marked in the spectrum. The fragmentation patterns that generate the 
observed b and y ions are illustrated along the peptide sequence shown on top of the spectrum. The arrow 
marks the residue that shows a 1-dalton mass increase after CHBP treatment and is converted from 
glutamine into glutamate. (B) Native PAGE analysis of ubiquitin Gln*° mutants and effects of further 
CHBP treatment. Coomassie blue—stained gel is shown. (C) Chain formation activities of ubiquitin 
Q40E. Ubiquitination reaction was performed as that in Fig. 1B. (D) Native PAGE analysis of glutathione 
S-transferase (GST)—tagged ubiquitin and indicated UBLs after CHBP treatment. Coomassie blue—stained 
gel is shown. (E) Native PAGE assay of ubiquitin and NEDD8 deamidation by type IIl-secreted CHBP. Flag- 
UbAGG and NEDD8AGG (deletion of the last two glycine residues) were immunopurified from 293T cells 
infected with indicated B. thailandensis strains and subjected to native gel electrophoresis followed by 


immunoblotting of antibodies by using Flag. 
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of native ubiquitin/NEDD8 bands on 
native gels (fig. $11) was quantified 
and plotted versus the amount of 
CHBP/Cif used in each reaction. (B) 
Native PAGE assay of Cif deamidation 
of NEDD8 during EPEC infection of 
HeLa cells. EPEC E22 strain bears a 
functional Cif, whereas EPEC E2348/49 
harbors a naturally truncated and non- 
functional Cif. Experiments were per- 
formed and data are presented similar 
to those in Fig. 2E. (C) Effects of Cif on 
steady levels of CRL and non-CRL 
substrates in EPEC-infected HeLa cells. 
GFP*, transfected Ub-R-GFP reporter. 
(D) Effects of Cif on ubiquitination of 
endogenous Nrf2 and p27 in EPEC- 
infected cells. #, IgG. (E and F) Effects of 
NEDD8 deamidation on neddylation- 
stimulated CRL activity of catalyzing sub- 
strate ubiquitination. Neddylation of Cul3 
performed with NEDD8 (WT) or NEDD8 
Q40E was shown in (E) as an immuno- 
blot by using antibodies to Cul3. The 
Cul3/GST-Roc1 complex from the left 
three reactions in (E) was used to ubiq- 
uitinate Flag-Nrf2 (1-97) (F). Flag-Nrf2- 
Ub, Flag-Nrf2-Ubz, and Flag-Nrf2-Ubn 
denote mono, di-, and poly-ubiquitinated 
Nrf2, respectively. #, IgG heavy and light 
chains; *, a nonspecific band. 
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Fig. 4. NEDD8 deamidation is linked to Cif-induced cytopathic effect during 
EPEC infection. (A) Effects of ectopic expression of NEDD8 Q40E on steady 
levels of CRL and non-CRL substrates. (B) Effects of ectopic expression of NEDD8 
Q40E on cell cycle progression. Cell cycle of transfected HeLa cells was analyzed 
by BrdU incorporation. BrdU staining is in red and 4,6 ’-diamidino-2- 
phenylindole (DAPI) is in blue. Scale bar, 300 um. Statistics of BrdU-positive 
cells are presented in the graph as means + SD of four independent countings of 
about 200 cells each. The experiment was repeated at least three times. (C and 
D) Effects of mutations in the substrate-contacting surface in Cif on stress fiber 
formation and cell cycle progression. Rhodamine-phalloidin—stained actin stress 
fibers and DAPI-stained nuclei in EPEC-infected HeLa cells are shown (C), and 
cell cycle profiles were determined by flow cytometry analysis of DNA contents 
(D). Scale bar, 50 um. 
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DS58A/D59A and N114A/N159A are mutations 
at the two enzyme-substrate contact interfaces; the 
former completely abolished Cif deamidase activ- 
ity on NEDD8, and activity of the latter mutant is 
markedly attenuated (fig. S18). Both mutants 
failed to produce actin stress fibers during EPEC 
infection (Fig. 4C). The DS8A/D59A mutant did 
not arrest cell cycle and the N114A/N159A mutant 
only marginally delayed cell cycle progression (Fig. 
AD). Mutations of residues not involved in substrate 
binding (VI11A, E139A, and K152A) had little 
effect on in vitro deamidation of NEDD8 (fig. S18), 
and these mutants behaved identically as wild-type 
Cif in producing stress fibers and arresting cell 
cycle (Fig. 4, C and D). All the mutants were com- 
petent for type Ill-dependent secretion (fig. S16). 
Thus, NEDD8 deamidation is closely linked to Cif 
induced cytopathic effects of actin stress fiber for- 
mation and cell cycle arrest. 

Here, we have shown that the CHBP/Cif 
family of TTSS effectors harbor a specific deami- 
dase activity toward Gin“ in ubiquitin and NEDD8, 
rendering them inactive. Deamidated ubiquitin 
exhibits reduced ubiquitin ligase—catalyzed ubiquitin- 
chain synthesis, whereas deamidated NEDD8 sup- 
presses the ubiquitin ligase activity of CRLs upon 
conjugation to Cullins. Selective deamidation of 
NEDD8 by Cif is linked to EPEC infection— 


induced cell cycle arrest and actin stress fiber for- 
mation. Given the universal role of ubiquitination 
and Cullin-mediated ubiquitination in many impor- 
tant cellular processes, our discovery further pre- 
dicts a possible pleiotropic function of the Cif/ 
CHBP family of effectors in bacterial pathogenesis. 
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AUTOMATED CHROMATOGRAPHY 
( The Octave Chromatography System is an automated chromatography platform de- 
signed for preparative-scale purification of chemical and biological compounds. The sys- 
tem is able to continuously process racemates, cell lysates, cell culture supernatants, and 
other crude fractions to yield grams of highly purified antibodies, proteins, sugars, amino 
acids, fatty acids, and other large and small molecules in just hours. The compact, versa- 
tile, and affordable system brings the benefits of simulated moving bed chromatography 
to the laboratory benchtop. The Octave System carries eight column positions arranged 
in series and connected through a proprietary pneumatic valve array. The valve and pump 
configuration provides ultimate flexibility in programming chromatographic protocols via 
the intuitive software. All flow paths consist of metal-free biocompatible materials that 
are also compatible with common organic solvents and clean-in-place solutions. The Oc- 
tave System is available in two configurations with maximum flow rates up to 10 and 
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SOLID PHASE EXTRACTION 

Strata-X-A polymeric, high-capacity sorbent delivers maximum reten- 
tion of anionic compounds, for anion/cation exchange separations. 
The base polymer of the new Strata-X-A is pH-stable and resists 
deconditioning, providing more flexibility during method develop- 
ment and reducing the potential for errors. Strata-X-A retains acidic 
analytes in three different ways: a-x and hydrophobic interactions 
coupled with a strong anion exchange mechanism. The strong ionic 
bond allows an aggressive organic wash, leaving the eluent free of 
interference. This sorbent is ideal for a wide variety of liquid chro- 
matography and gas chromatography applications that involve acid 
analytes including environmental and forensic toxicology. Strata-X-A 
is offered in 1 mL, 3 mL, and 6 mL tubes for traditional cleanup, 96- 
well plates for high throughput extractions, and Giga Tubes (12 mL, 
20 mL, and 60 mL) for large-volume applications. 

Phenomenex 

For info: 310-212-0555 | www.phenomenex.com 


CONFOCAL MICROSCOPY 

Designed for researchers seeking higher resolution images while 
working within a tight budget, Leica Microsystems’ True Confocal/ 
True Value Program delivers all of the equipment needed to 
immediately start using confocal imaging for $99,000. The package 
includes the LeicaTCS SPE II Spectral Confocal with a fully configured 
upright microscope, objective lens set, three laser lines, and high- 
performance computer. The Leica TCS SPE II is a high-resolution 
spectral confocal for daily research. The highly integrated system 
features durable hardware and the Leica Application Suite Adv- 
anced Fluorescence (LAS AF) software platform to ensure smooth, 
fast operation. 

Leica Microsystems, Inc. 


For info: 800-248-0123 | www.leica-microsystems.com 


SAMPLE TRACKING 

The 2D Barcode Reader is specially designed to provide advanced 
sample tracking functions on Microlab Star automated liquid handling 
workstation. The new reader has a compact footprint in a standard 
carrier size to minimize the required deck space. The reader’s charge- 
coupled device camera records barcodes in less than 0.5 seconds 
from a wide range of sample formats including boxes of SBS tubes 
and biovials in 96-well format. Five labware positions are available 
on the device. The 2D barcode reader supports a variety of tubes 
from many manufacturers, in 24-, 48-, 96-, and 384-well configura- 
tions. The new reader is ideal for high throughput screening, sample 
archival, forensics, and work with single-nucleotide polymorphisms 
and blood samples. 

Hamilton 

For info: 800-648-5950 | www.hamiltonrobotics.com 


PARP PHARMACODYNAMIC ASSAY 

The second generation Poly-ADP-ribose polymerase (PARP) in vivo 
pharmacodynamic assay accurately measures net poly-ADP-ribose 
(PAR) levels in cellular extracts and has been used to document 
differences in PAR levels in human tumor lysates from a variety of 
tissues, organs, and xenografts. The pharmacodynamic assay uses 
a validated sample processing regime and a chemiluminescent, 
sandwich enzyme-linked immunosorbent assay (ELISA) format, with 
pre-coated 96-stripwell plates. The assay reports PAR levels at high 
signal-to-noise ratio, with a sensitivity of two picograms/milliliter 
(pg/ml) and a linear dynamic range to 1000 pg/ml. The new tool 
provides evidence of drug action on molecular targets and gener 
ates baseline values that may be used to stratify patient response 
to therapy. 
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POSITIONS OPEN 


ica 


DIRECTOR 
Shanghai Center for 
Comprehensive Protein Science 
Chinese Academy of Sciences 


Shanghai Institute 
of Biochemistry and Cell Biology 
Shanghai Institutes for Biological Sciences 
Chinese Academy of Sciences 
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Shanghai Institute of Biochemistry and Cell Biology 
(SIBCB), Shanghai Institutes for Biological Sciences 
(SIBS), Chinese Academy of Sciences (CAS) invites 
applications for the position of Director of Shanghai 
Center for Comprehensive Protein Science (SCPS), 
Chinese Academy of Sciences. SIBCB is part of Shang- 
hai Institutes for Biological Sciences, which comprises 
eight CAS institutes in the area of biological sciences in 
Shanghai. SIBCB currently has 54 research groups and 
over 350 scientists with research interests in diverse 
aspects of molecular and cellular biology, such as gene 
regulation, epigenetics, protein sciences, signal trans- 
duction, cell and stem cell biology, cancer, and other 
disease models. SCPS will be housed in the National 
Protein Science Facility (NPSF)-Shanghai, which is the 
largest Protein Science platform in China and is being 
constructed and managed by SIBCB and SIBS, CAS. 
SCPS will conduct research and provide service in many 
key areas of protein science, including X-ray crystal- 
lography, nuclear magnetic resonance, electron micros- 
copy, single molecule technology, functional proteomics, 
cell imaging, animal imaging, and bioinformatics, as 
well as synchrotron applications. The Director will be 
responsible for the overall research and service strat- 
egies at SCPS and will also be in charge of admin- 
istrating NPFS-Shanghai. 

Successful candidate for the Director position must 
be an internationally renowned scientist in protein 
science with established leadership credentials and 
must be at the level of tenured Professor. The Director 
should have a strategic plan for the Center and is 
responsible for recruiting first-class scientists, research- 
ers, and technical staff. Salary is highly competitive and 
housing subsidy will be provided. The position offers 
excellent laboratory facilities, generous start-up funds, 
and the opportunity to work with outstanding Ph.D. 
students and postdoctoral fellows. The Director will be 
expected to work full-time at SCPS and maintain an 
active research program. Curriculum vitae, a list of pub- 
lications, a brief summary of previous accomplishment 
and future research plans, and three letters of ref- 
erences should be sent to: Mrs. Jinfang Song, CCPS 
Director Search Committee, SIBCB, SIBS, CAS, 
320 Yue-Yang Road, Shanghai 200031, China, or 
electronically to e-mail: songjf@sibs.ac.cn (telephone: 
086-21-54921022 and fax: 086-21-54921011). 
SIBCB is an Equal Opportunity Employer. For more infor- 
mation, please visit websites: http://www.sibcb. 
ac.cn or http://www.sibs.ac.cn. 


POSTDOCTORAL POSITION. A Postdoctoral 
Position is available to minority Ph.D. graduates 
with training in molecular and cell biology or a 
related discipline to participate in the discovery and 
mechanistic studies of novel antimetastasis agents. 
Interested candidates should submit their curricu- 
lum vitae to: Dr. Isaac Donkor, Department of 
Pharmaceutical Science, University of Tennessee 
Health Science Center, 847 Monroe Avenue, 
Memphis, TN 38163. E-mail: idonkor@uthsc.edu. 
UTHSC is an Equal Employment/Affirmative Action/Title 
VI/IX/Section 504/ADA/ADEA Employer. 


POSITIONS OPEN 


UNIVERSITY OF 


DENVER 


START PROM A HILO PLACE 
EVOLUTIONARY FOIDCISY 


The Department of Biological Sciences, Uni- 
versity of Denver (DU), invites applications for a 
tenure-track position at the ASSISTANT PRO- 
FESSOR level to begin September 1, 2011. Can- 
didates with expertise in any area of Evolutionary 
Biology are sought; individuals with expertise in 
either evolutionary-developmental biology or 
evolutionary ecology are encouraged to apply. 
The successful candidate will have a Ph.D. and 
postdoctoral experience in appropriate fields, 
will develop an extramurally funded research pro- 
gram, will supervise undergraduate research proj- 
ects and M.S. and Ph.D. students, and will teach 
undergraduate and graduate courses in evolu- 
tionary biology and specific areas of specialty. All 
candidates must submit their application through 
website: https://www.dujobs.org. The online 
application should include: curriculum vitae, state- 
ments of teaching philosophy and research inter- 
ests, and two recent publications. Under separate 
cover have three letters of recommendation sent 
to: Dr. Todd Blankenship, Chair, Evolutionary 
Biologist Search Committee, Department of 
Biological Sciences, University of Denver, 
Denver, CO 80208. Review of applications will 
begin October 15, 2010. The University of Denver is 
committed to enhancing the diversity of its faculty and staff and 
encourages applications from women, minorities, people with 
disabilities and veterans, DU is an Equal Employment 
Opportunity /Affirmative Action Employer. 


Columbia University’s Department of Pathology 
and Cell Biology, Division of Immunogenetics, invites 
applications for four STAFF ASSOCIATE POSI- 
TIONS as follows: (1) Two positions to perform and 
interpret histocompatibility tests, perform molecular 
human leukocyte antigen typing and flow cytometry 
crossmatching, coordinate quality assurance operations, 
and train new personnel; (2) One position to perform 
flow cytometric analysis of clinical specimens, report 
results, and communicate with referring physicians; (3) 
One position to perform immunologic monitoring of 
transplant patients, data analysis, and validation. 

Minimum requirements are: B.S. degree and four years 
of experience in cellular immunology and/or molecular 
genetics. Expertise in flow cytometry and/or histocom- 
patibility testing is essential. The candidate should be 
certified by the New York State Department of Health 
as a laboratory technician or technologist. These posi- 
tions require working evenings and/or weekend hours. 

Interested applicants should apply online at website: 
academicjobs.columbia.edu /applicants /Central? 
quickFind=53550. 

Columbia University is an Equal Opportunity /Affirmative 
Action Employer. 


The Department of Ecology and Evolutionary Biology, 
Tulane University, invites applications for one tenure- 
track position at the level of ASSISTANT PROFES- 
SOR. We encourage applications from LANDSCAPE 
or ECOSYSTEM ECOLOGISTS focused on wetland, 
tropical, and/or plant communities. See website: http:// 
www.tulane.edu/~ebio/news/new-positions.php 
for details about the positions, department, and appli- 
cation process. Send letter of application, curriculum 
vitae, statements of research and teaching interests, 
selected publications, and names and addresses of three 
references to: EEB Faculty Search, Department of 
Ecology and Evolutionary Biology, 400 Lindy Boggs 
Center, Tulane University, New Orleans, LA 70118- 
5698. Review of applications will begin October 15, 
2010, and the search will remain open until the po- 
sition is filled. An offer of employment is, however, 
contingent upon authorization of the position. Tulane Uni- 
versity is an Affirmative Action/Equal Employment Opportunity/ 
ADA Employer. Women and minorities are encouraged to apply. 
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Janelia Junior Fellows Program 


The Howard Hughes Medical Institute's 
Janelia Farm Research Campus Is a 
world-class biomedical research center 
where outstanding scientists from 
diverse disciplines use emerging and 
innovative technologies to pursue 
biology's most challenging problems. 


‘The Janelia Junior Fellows Program is a new initiative 
that supports enterprising postdoctoral fellows as 

they develop their own research programs. The junior 
fellow position is intended for individuals at an early 
career stage and/or people who have specific research 
plans but who value the guidance and collaboration of 
more experienced mentors. 


Junior fellows are appointed for a period of up to 
three years, during which time they are mentored by 
two or more Janelia Farm lab heads and/or visiting 
scientists from other institutions. Junior fellows will 
have responsibility and oversight of a budget, which 
supports their own salary and benefits, lab supplies, 
and travel expenses. 


We invite applications from early career-stage 
biochemists, biologists, chemists, computer 
scientists, engineers, geneticists, mathematicians, 
neurobiologists, physicists and statisticians who are 
passionate in their pursuit of important problems in 
basic scientific and technical research. 


For more details about the Janelia Junior 
Fellows Program, please go to 
www.hhmi.org/juniorfellow/sci 


There are three application deadlines per 
year and the next are: 

November I, 2010, March I, 2011, and 
July I, 2011 


For more information and to submit an 
application: 
www.hhmi.org/juniorfellow/sci 


HHMI 
janelia farm 


research campus 


Scientists at the Janelia Farm Research Campus pursue 
challenging basic biomedical problems for which 
future progress requires technological innovation. 

We focus on two research areas: the identification 

of general principles that govern how information is 
processed by neuronal circuits and the development of 
imaging technologies and computational methods for 
image analysis. 


The Howard Hughes Medical Institute is an equal 
opportunity employer. Women and members of racial 
and ethnic groups traditionally underrepresented in the 
biomedical sciences are encouraged to apply. 
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Cay MAYO CLINIC 


Heal the sick, advance the science, share the knowledge. 
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Translational Research Investigator Faculty Position in Mayo Clinic HEAL™ Program - Diabetes 


Mayo Clinic in Arizona seeks outstanding candidates for faculty positions in its HEAL™ Program, a new translational research program focused on 
diabetes mellitus, obesity and vascular disease. This Program is a collaborative partnership with Arizona State University, drawing upon the 
complementary strengths of both institutions. This position is focused on type 2 diabetes mellitus, but can include investigators with interest in 
insulin resistance, insulin secretion and diabetic complications. 


Candidates would ideally hold an MD or MD/PhD or equivalent degree and have a demonstrated record of relevant research accomplishments, as 
evidenced by their training, publications and peer-reviewed funding. As multiple faculty positions exist, PhD candidates are also welcomed. 
Appointment and rank in an appropriate clinical and academic department will be determined based on the applicant’s qualifications. Candidates will 
also have a joint academic appointment at Arizona State University as part of Mayo’s collaborative partnership. 


he successful applicant will be a member of the Mayo Clinic HEAL™ program based in Arizona and the Mayo/Arizona State University Center for 
Metabolic and Vascular Biology. Mayo resources include ample new laboratory space, a mouse metabolic phenotyping facility, a new clinical research 
unit designed for state-of-the-art metabolic studies, and access to all Mayo core facilities and shared equipment. Resources at Arizona State 
University include the Proteomics Laboratory, specializing in proteomics devoted to understanding Metabolic Syndrome conditions, the Genomics and 
ranscriptomics Laboratory and a clinical research unit specializing in metabolic studies. 
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Mayo Clinic is an internationally renowned, integrated, multidisciplinary academic medical center with comprehensive programs in medical education 
and research with campuses in Arizona, Florida and Minnesota. Mayo Clinic supports five schools spanning undergraduate, graduate, medical, 
postgraduate medical and continuing medical education, and has active biomedical research programs. 


n Arizona, Mayo Clinic is a 380-physician, integrated clinical practice, focusing on high-quality, compassionate medical care delivered ina 
multispecialty academic environment. Mayo Clinic offers a competitive salary, excellent benefits, and has been recognized by Fortune magazine as 
one of the “100 Best Companies to Work For.” To learn more about Mayo Clinic, please visit www.mayo.edu. 


nterested candidates are invited to submit a cover letter, curriculum vitae and brief description of research experience and interests to: 
Mayo Foundation is an 
affirmative action and equal 
opportunity employer and 
educator. Post-offer/ 
pre-employment drug 
screening is required. 


Lawrence J. Mandarino, PhD 
HEAL™ Program Search Committee 
Mayo Clinic 

13400 East Shea Boulevard 
Scottsdale, AZ 85259 
mandarino.lawrence @mayo.edu 


Faculty Position 
Molecular Biology 
Sloan-Kettering Institute 


The Molecular Biology Program of the Sloan-Kettering Institute, 
Memorial Sloan-Kettering Cancer Center (www.ski.edu), has 
initiated a faculty search at the Assistant Member level (equivalent 
to Assistant Professor). We are interested in outstanding individuals 
who have demonstrated records of significant accomplishment and 
the potential to make substantial contributions to the biological 
sciences as independent investigators. Successful applicants will have 
research interests that move the Program into exciting new areas 
that complement and expand our existing strengths in the areas 
of maintenance of genomic integrity, regulation of the cell cycle, 
and regulation of gene expression. Faculty will be eligible to hold 
appointments in the Gerstner Sloan-Kettering Graduate School of 
Biomedical Sciences, the Weill Cornell Graduate School of Medical 
Sciences, as well as the Tri-Institutional MD/PhD Training Program. 


The deadline for applications is November 1, 2010. Interested 
candidates should visit http://facultysearch.ski.edu to access the 
on-line faculty application. Please visit the site as soon as possible, 
as it contains important information on the required application 
materials, including deadlines for submission of letters of reference. 


Informal inquiries may be sent to Julie Kwan at kwanj@mskcc.org 
or to Dr. Kenneth Marians, Chair, Molecular Biology Program at 
kmarians@sloankettering.edu. MSKCC is an equal opportunity and 
affirmative action employer committed to diversity and inclusion in 
all aspects of recruiting and employment. All qualified individuals 
are encouraged to apply. 
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The Ohio State University 
Assistant Professor 
Evolution, Ecology and Organismal Biology 


The Ohio State University at Lima seeks candidates for a full-time, tenure-track 
Assistant Professor, with a specialty in Plant Ecology. The appointment will be 
made in the Department of Evolution, Ecology and Organismal Biology at The 

Ohio State University and begin in September 2011. 


The department seeks a plant ecologist with a strong commitment to the 
teaching, research and outreach missions of The Ohio State University. The 
successful candidate will teach undergraduate surveys and major courses in their 
area of expertise, and serve as an advisor and research mentor within the Biology 
major. In addition, the position will require the potential for a distinguished 
record of service and scholarly research. Candidates must have a PhD in hand at 
the time of appointment; post-graduate teaching experience is preferred. Salary 
is competitive. 

The Ohio State University at Lima is one of five campuses of The Ohio State 
University. Current enrollment on the Lima campus is 1,500 students and there are 
approximately 100 full- and part-time faculty in all academic departments. Ohio 
State Lima offers the first two years of the Ohio State general education curriculum 
and ten programs leading to baccalaureate degrees, including one in Biology. Ohio 
State Lima also offers Master's degree programs in Education and Social Work. 


Review of applications will begin on November 7, 2010, and 
will continue until the position is filled. Please send a cover 
letter, a current curriculum vita, and three letters of 
recommendation to: 


Dr. Eric Juterbock, Chair, EEOB Search, c/o Office of Human 


Resources, Public Service Bldg. 122, The Ohio State 
University at Lima, 4240 Campus Drive, Lima, OH 45804 


The Ohio State University is an equal opportunity, affirmative action employer. Qualified women, 
minorities, veterans and individuals with disabilities are encouraged to apply. 


HOWARD HUGHES MEDICAL INSTITUTE 


Laboratory Head Positions 


at Janelia Farm 


We invite applications from 
biochemists, biologists, chemists, 
computer scientists, engineers, 
mathematicians, neurobiologists, and 
physicists at all career stages who 
are passionate in their pursuit of 
important problems in basic 


scientific and technical research. 


Appointments may be made at either of 
two levels: 

Fellows 

Fellows are independent scientists with labs of 


up to two additional members. 


Appointments are for five years. 


Group Leaders 


Group leaders are independent scientists, similar 
to HHMI investigators, with labs of up to six 
additional members. The initial appointment is 
for six years. Thereafter, group leaders will be 
reviewed for reappointment every five years. 


There are two application deadlines 


per year and the next are: 


July 15, 2010 and December 1[5, 2010. 
For more information and 
to submit an application: 


www.hhmi.org/ref/janelia/sci 


HHMI 
janelia farm 


research campus 


At Janelia Farm, we pursue challenging basic 
biomedical problems for which future progress 
requires technological innovation. We focus on two 
research areas: the identification of general principles 
that govern how information is processed by neuronal 
circuits; and the development of imaging technologies 
and computational methods for image analysis. ‘This 
year we have decided to broaden our foci at the Fellow 
level — we also seek very promising, early career stage 
scientists with interests beyond these two major 

foci. We expect that Janelia would be attractive to 
people with scientific programs that could benefit 
from collaborators or technologies already at Janelia. 
We value people with new perspectives who will 
contribute to our intellectual community. 


Examples might include: 


=: A cell biologist looking to apply super-resolution 
optical microscopy to their work. 


#3 A computer scientist interested in machine vision. 
A physicist interested in instrument development. 
=! A biochemist interested in single-molecule imaging. 


Janelia Farm is now home to a growing, 
multidisciplinary community of 35 research groups, 
comprising postdoctoral associates, graduate students, 
and technicians. Our scientists are supported by 
outstanding shared resource facilities within a unique 
campus less than an hour from Washington, D.C. All 
laboratories are internally funded, without extramural 
grants. Lab heads have no formal teaching duties and 
minimal administrative responsibilities. Janelia Farm 
offers a supportive working environment with on-site 
child care, fitness center, and dining facilities. 


Individual research groups are limited in size. 
We value research collaboration between groups 
as a mechanism to enable long-range innovative 
science and encourage the self-assembly of 
interdisciplinary teams of scientists. In addition 
we support external collaborative science through 
a scientific visitor program. 


The Howard Hughes Medical Institute is an equal 
opportunity employer. Women and members of racial 
and ethnic groups traditionally underrepresented in 
the biomedical sciences are encouraged to apply. 
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Science Careers 


VICTORIA UNIVERSITY OF WELLINGTON 


Victoria University delivers internationally-acclaimed results 
in teaching and research, as well as programmes of national 
significance and international quality. 


As one of Wellington’s largest and most established employers, 
we’re committed to providing our staff with opportunities for 
rewards, recognition and development, all within a dynamic and 
inclusive culture where innovation and diversity are highly valued. 


ASSOCIATE PROFESSOR/PROFESSOR IN 
FISHERIES BIOLOGY 


School of Biological Sciences 
Wellington, New Zealand 


We seek a Senior Fisheries Biologist with a strong 

track record in internationally recognised research, 
significant experience in both securing and leading 
externally-funded research programs together with 
experience in teaching and supervision of students. 


The successful candidate will be expected to promote 
Victoria University of Wellington as a leading provider 
of fisheries research by advancing national and 
international research networks and leading School 
activities in outreach programmes in fisheries biology. 
The successful applicant will be expected to work with 
government research agencies, and New Zealand or 
international fishing industry research organisations. 


We would welcome applications from specialists in 

a wide range of fields including stock assessment, 
population modelling, or resource sustainability. 
Experience of academic leadership is expected for all 
professorial candidates. 


For further information contact Associate Professor 
Phil Lester, phil.lester@vuw.ac.nz 


Applications close 30 September 2010 


Victoria University of Wellington is an EEO employer and 
actively seeks to meet its obligations under the Treaty of 
Waitangi. 


For more information and to apply online visit 
http://vacancies.vuw.ac.nz 


Reference A238-10Q 


TE WHARE WANANGA O TE UPOKO O TE IKA A MAUI 


BEB VICTORIA 


WORKING AT THE 
UNIVERSITY OF GENEVA 


UNIVERSITE 
DE GENEVE 


The FACULTY OF SCIENCE invites applications for the position of a 


PROFESSOR 
in Plant Biology 


(Full, Associate or Assistant with Tenure Track) 
(www.unige.ch/sciences/biologie/index.html) 


We seek applicants with a record of excellence in research, who have 
proven their ability to develop and apply novel concepts in the general 
area of plant molecular and cellular biology. The position is full time, 
including teaching at the Bachelor or Master level. The successful 
candidate is expected to lead a strong, independent research program 
and attract external funding. He/she will also have the responsibility 
of overseeing and directing research of undergraduate and graduate 
students. 


ACADEMIC TITLE REQUIRED : Ph.D. degree or equivalent. 
STARTING DATE : September 1st 2011 or to be agreed. 


Candidates files including a curriculum vitae, a publication list, a 
summary of current and future research interests, as well as names 
and addresses of three potential referees must be addressed before 
October 31st 2010, to: Décanat de la Faculté des sciences, 30 Quai 
Ernest Ansermet, CH-1211 Genéve 4 or by e-mail to gaelle.auge@ 
unige.ch and from whom additional information can be obtained 
regarding the responsibilities of the post and other conditions. 


The University of Geneva is an equal oppportunity employer and 
encourages applications from female candidates. 


FACULTY POSITIONS IN 
CANCER BIOLOGY 


Applications are invited for tenure-track faculty positions in the Cancer Biology an 
Genetics Program of the Sloan-Kettering Institute, Memorial Sloan-Kettering Cancer 
Center (www.ski.edu). Successful candidates will carry out independent research on the 
genesis, progression, prognosis, prevention and treatment of cancer that synergize with 
ongoing efforts at the Center. Areas of special interest are, but not limited to: cancer 
genetics, cancer stem cells, metastasis, tumor microenvironment, inflammation an 
cancer, and animal models of cancer. 


New faculty members will join an interactive, interdisciplinary community of scientists 
and clinicians at the Center, which offers an outstanding basic and translational research 
environment within expanded state-of-the-art research facilities. Faculty will be eligible 
to hold graduate school appointments in the Gerstner Sloan-Kettering Graduate Schoo! 
of Biomedical Sciences, the Weill Cornell Graduate School of Medical Sciences of 
Cornell University, as well as the Tri-Institutional MD/PhD Training Program. 


Cancer Biology & Genetics Faculty 
Robert Benezra, PhD - Angiogenesis/ Differentiation 
Eric Holland, MD/PhD - Glioma Mouse Models 
Anna Kenney, PhD - Neural Stem Cells/Brain Tumors 
Robert Klein, PhD - Cancer Genetics 
Johanna Joyce, PhD - Tumor Microenvironment 
Joan Massague, PhD (Chairman) - Cell Regulation/Metastasis 
Christine Mayr, MD, PhD - Oncogenic microRNA Target Control 
Kenneth Offit, MD - Cancer Genetics 
Andrea Ventura, PhD - microRNAs in Development and Cancer 
Hans-Guido Wendel, MD - Genetic Basis for Drug Resistance 


The deadline for applications is November 1, 2010. Interested candidates should visit 
http://facultysearch.ski.edu to access the on-line faculty application. Please visit the site 
as soon as possible, as it contains important information on the required application 
materials, including deadlines for submission of letters of reference. Inquiries may be 
sent to Maria Gordon at gordonm1@mskcc.org or to Dr. Joan Massagué, Chair, Cancer 
Biology & Genetics Program at massaguj@mskcc.org. MSKCC is an equal opportunity 
and affirmative action employer committed to diversity and inclusion in all aspects of 
recruiting and employment. All qualified individuals are encouraged to apply. 
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ECOLE POLYTECHNIQUE 
FEDERALE DE LAUSANNE 


EPFL anticipates making a faculty appointment at the level 
of tenure-track assistant professor in its Institute of Chemical 
Sciences and Engineering (ISIC). The appointment is in the 
context of the newly established National Centre of Compe- 


tence in Research (NCCR) in Chemical Biology. 


The successful applicant is expected to build up an interna- 
tionally recognized research program in the area of chemical 
biology and to participate in the NCCR. It is expected that the 
candidate will be strongly committed to excellence in teach- 


ing at both the undergraduate and graduate levels. 


We offer internationally competitive salaries, benefits, start- 
up resources for scientific equipment and annual resources for 


PhD students, scientific staff and consumables. 


Faculty Position in Chemical Biology 
at the Ecole Polytechnique Fédérale de Lausanne (EPFL) 


The EPFL School of Basic Sciences aims for a strong presence 
of women amongst its faculty, and qualified female candidates 


are strongly encouraged to apply. 


Applications including a letter of motivation, curriculum vi- 
tae, publication list, concise statement of research and teach- 
ing interests as well as the names and addresses (including 
email) of at least five references should be submitted in PDF 
format via the website http://sbpositions/applications by 
October 30, 2010. 


For additional information, please contact Professor Paul 
Dyson (paul.dyson@epfl.ch) or consult the following web- 
sites: http://www.epfl.ch/Eplace.html, http://sb.epfl.ch/en 
and http://isic.epfl.ch 


Immunology Faculty Position 
Sloan-Kettering Institute 


The Immunology Program at the Sloan-Kettering Institute (www.ski.edu) is seeking 
innovative investigators for tenure-track positions at the Assistant, Associate, an 
Member levels who wish to address basic problems in immunology with possible 
relevance to cancer. Applicants should have a doctoral-level degree and the 
potential to develop a strong independent research program or a proven record 
of accomplishments, depending on the level of appointment. Qualified applicants 
with an M.D. degree may be offered a joint appointment in an appropriate 
department in Memorial Hospital. Candidates will join a faculty with a broad range 
of research interests, including transplantation, B, T and NK cell development an 
function, regulation of immune responses, antigen presentation, infectious disease 
and tumor immunology. The program has recently moved into contiguous space 
on 3+ floors in a new 23 story laboratory building. Faculty will be eligible to hol 
graduate school appointments in the Gerstner Sloan-Kettering Graduate School o: 
Biomedical Sciences, the Weill Cornell Graduate School of Medical Sciences, as 
well as the Tri-Institutional MD/PhD Training Program. 


SKI offers a highly interactive, supportive and exciting research environment 
with programs in Immunology, Cancer Biology & Genetics, Cell Biology, 
Molecular Pharmacology & Chemistry, Molecular Biology, Developmental Biology, 
Computational Biology and Structural Biology, as well as unparalleled clinical 
programs in cancer research, treatment and prevention. 


The deadline for applications is November 1, 2010. Interested candidates should 
visit http://facultysearch.ski.edu to access the on-line faculty application. Please 
visit the site as soon as possible, as it contains important information on the 
required application materials, including deadlines for submission of letters of 
reference. Inquiries may be sent to Dwana Agosto at agostod@mskcc.org or to 
Dr. James Allison, Chair, Immunology Program at allisonj@mskcc.org. MSKCC is 
an equal opportunity and affirmative action employer committed to diversity and 
inclusion in all aspects of recruiting and employment. All qualified individuals are 
encouraged to apply. 
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Umea Universitet announces... 


At Umea University world-leading research is conducted within several 
areas. We offer an attractive range of courses and programmes taught in 
a quality study environment. The Umea University campus is a creative 
and exciting place of work and study for our 4,000 employees and 33,000 
students. 


Three four-year positions as 
Group leaders in 
neurometabolism research 


Umea University in Sweden seek three scientists who will work 
independently and in collaboration to advance the understand- 
ing of neurodegenerative disorders at the cellular and functional 
level. 

Information about Umea university can be found at 
www.umu.se and about Umea community at www.umea.se. 

Your complete application, marked with reference number 
316-731-10, should be sent to jobb@umu.se (state the refer- 
ence number as subject) or to the registrar, Umea University, 
SE-901 87 Umea, Sweden to arrive October 1, 2010 at the 
latest. 


More information: www.jobb.umu.se 
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Science Careers 


Department of the Army 
U.S. Army Medical Research and Materiel Command 
U.S. Army Medical Research Institute of Chemical Defense 


Science Director 
$123,758 — 155,500 


The U.S. Army Medical Research Institute of Chemical Defense (USAMRICD), the Department of Defense’s 
premier research Institute for medical defense against chemical warfare agents and toxins located in the 
Edgewood Area of the Aberdeen Proving Ground, Maryland, is seeking to fill the new position of Science 
Director serving as the DEPUTY COMMANDER FOR RESEARCH, GS-1301-15. You will serve as 
the civilian scientific programmatic advisor to the Commander and will assist the Commander in setting 
the strategic direction and priorities for the Institute. In addition, you will be responsible for integrating 
the Institute’s scientific and consultative activities with the growing interagency medical chemical defense 
programs for national defense by interfacing with DOD and other external agencies as required. The Deputy 
Commander for Research will be responsible for ensuring USAMRICD’s continued leadership role in the 
field of chemical defense by facilitating the identification of the scientific staffing, infrastructure, and capital 
equipment investments required to support the scientific needs of a state-of-the-art, multidisciplinary research 
organization. Position may require up to 15% national/international travel. 

Qualifications: A doctoral degree in Medicine, Veterinary Medicine, or related biomedical sciences, and at 
least 2 years direct research experience, and at least 10 years relevant experience in leading or developing a 
world-class research organization is required. Able to obtain and maintain a Secret Clearance. A successful 
candidate must be a U.S. citizen who is a recognized expert or global leader in one core area of biologi- 
cal research, yet must have a broad understanding of the biomedical sciences. Must have strong process 
orientation with the ability to understand the strategic and tactical links between basic research and early 
product development. Must have strong business and scientific perspectives, demonstrated ability to deliver 
results in a structured organization, and a solid background in the management of a technical organiza- 
tion. Excellent communication skills, both written and oral, strong project management skills, outstanding 
interpersonal relationship skills, and the ability to work cooperatively in a collaborative, multidisciplinary 
research environment must be demonstrated. 


Interested applicants should apply at: https://epolwapp.belvoir.army.mil/public/vabSelfNom/index.jsp 
AND send all of the following: a Curriculum Vitae with list of publications; copies of three major pub- 
lications; a summary of research accomplishments; a statement describing their scientific management 
philosophy; and three letters of recommendation POSTMARKED BY 30 Sept 2010 to LTC Deborah 
Whitmer, c/o DCR Search Committee, USAMRICD — 3100 Ricketts Point Road, Aberdeen Proving 
Ground, MD 21010-5400. 


THE UNIVERSITY 
OF QUEENSLAND 


AUSTRALIA 


SCHOOL OF BIOMEDICAL 
SCIENCES, FACULTY OF 
BIOLOGICAL AND CHEMICAL 
SCIENCES, THE UNIVERSITY 
OF QUEENSLAND, BRISBANE, 
AUSTRALIA 


LECTURER / 
SENIOR LECTURER IN 
INORGANIC CHEMISTRY 


The role Contribute to teaching 

and research in inorganic chemistry, 
and work with academic staff in the 
School's teaching programs to develop 
contemporary teaching of chemistry. 


Remuneration AUD$73,836 — $87,680 
p.a. (Level B) or AUD$90,448 — 
$104,292 p.a. (Level C), plus 17% super. 
Full-time, continuing appointment at 
Academic Level B or C. 


Applications close 1 October 2010 
Reference No. 3021072 


To apply: Go to www.jobsatUQ.net to 
obtain a copy of the position description 
and application process. Applications 


may be lodged in electronic or hard 
copy form. UQ is an equal opportunity 
employer. 


Visit us on the web at: http://usamricd.apgea.army.mil. Visit APG: http://www.apg.army.mil/apghome/ 
sites/local. RECRUITMENT and RELOCATION incentives. PCS is authorized. 


Equal Opportunity Employer. 


CRICOS Provider Number 00025B 


Tenure Track Positions 


AM, TOKAI UNIVERSITY fe: 
= =F: x = INSTITUTE OF INNOVATIVE hes ae 
~~ SCIENCE AND TECHNOLOGY hynny 
SCHOOL OF MEDICINE — 


Tokai University is recruiting 3 tenure track researchers for the 2010-11 
academic year for a researcher-mentor development program that cultivates 
researchers who can conduct studies of international stature. Newly employed 
tenure track researchers at Tokai’s TUIIST will be provided with the oppor- 
tunity to further strengthen their research skills and mentorship capacity in 
an environment that includes study abroad and the acquisition of invaluable 
international experience. Tenure track researchers who pass the interim evalu- 
ation held in the third year, and the final evaluation in the fifth year, will be 
appointed as a full-time tenured assistant professor, associate professor, or 
professor. For more information, visit our website: http://www.u-tokai.ac.jp/ To be considered for this position, interested individuals should: 
tuiist/english/index.html. 1. Fully complete the Structural Biology Faculty Recruitment Form available 
Requirements: applicants must have obtained a doctoral degree within 10 years at: https://med.stanford.edu/survey/sbio_fclty_recruit. 

and have more than three years of work experience as an assistant professor, a 
postdoctoral fellow, or an equivalent position. They also must have significant 
accomplishments in research. Japanese language ability is not required, but 
excellent communication skills and/or ability to train and assist other members 
are needed. 


Term of Employment: January 1, 2011 through March 31, 2015. The contract 
is renewed annually. 

Application materials: C.V. which includes a list of activities in academic 
conferences and societies, copies of 5 representative papers, a summary of 
past research activities, a list of external research funding obtained to date, 
a research plan, comments regarding the future potential, and three letters of 
recommendation (these should be sent directly to our university). Forms can 
be downloaded from the web site above. 


STANFORD 


UNIVERSITY 


ASSISTANT PROFESSOR OF 
STRUCTURAL BIOLOGY 


Applications are invited for a tenure-track junior faculty appointment in the 
Department of Structural Biology, Stanford University School of Medicine. 
Candidates should have expertise and a commitment to future research in the 
broad area of structural biology and biophysics. The predominant criterion 
for appointment in the University Tenure Line is a major commitment to 
research and teaching. 


. Prepare the application materials as one .pdf file and e-mail the file to 
sbio_faculty_recruit@lists.stanford.edu. PDF file must contain all 
of the following documents: (i) Cover letter, (ii) Curriculum vitae, (iii) 
Description of research interests (4 page limit), (iv) List of publications, (v) 
Maximum of 5 representative reprints, (vi) Names and contact information 
of three referees. 


. Arrange for three reference letters to be e-mailed by each referee directly 
to: sbio_felty_reference@lists.stanford.edu or send by mail to: Chair, 
Faculty Search Committee, Department of Structural Biology, Stan- 
ford University School of Medicine, 299 Campus Drive West, D100 
Fairchild Bldg., Stanford, CA 94305-5126. 


Deadline: September 30, 2010, 5p.m.(Japan Standard Time) 


Applicants may be asked to submit additional documents during the selection 
process. Submission of Application Documents: Please send the application 
documents as attached files to iist@tokai-u.jp and a hard copy via postal 
mail with delivery confirmation (registered mail, etc.) to the School of Medi- 
cine, TOKAI UNIVERSITY INSTITUTE OF INNOVATIVE SCIENCE 
AND TECHNOLOGY, Shimokasuya 143, Isehara, Kanagawa 259-1193, 
Japan. 


Candidates must have a PhD and/ or MD degree and a minimum of two years 
of postdoctoral research experience. Application material and reference letters 
must be received by November 1, 2010. 


Stanford University is an Equal Opportunity Employer and is committed 
to increasing the diversity of its faculty. It welcomes nominations of and 
applications from women and members of minority groups, as well as 
others who would bring additional dimensions to the university s research, 
teaching and clinical missions. 


PATENGE ENDOWED PROFESSOR 


Michigan State University in East Lansing, Michigan, 
invites applications and nominations to fill an endowed, 
tenured, faculty position in cancer biology to be appointed in 
one or more of the following departments: Biochemistry & 
Molecular Biology, Microbiology & Molecular Genetics, 
Pharmacology & Toxicology, or Physiology. The Walter F. 
Patenge Health Sciences Professorship is a laboratory- 
based research-oriented position. The individual who fills this 
position will be appointed as an Associate or full Professor. 
The Patenge Professor will receive: sizeable laboratory 
space, a substantial setup package, the annual interest from 
the endowment to further the candidate's research, and an 
annual salary from the university commensurate with the 
rank of endowed professor. 


MSU has research strengths in a wide array of basic 
sciences and promotes a_ highly collegial and 
interdisciplinary environment with many collaborative 
opportunities. MSU has established state of the art research 
support facilities in such areas as genomics, proteomics, and 
microscopy. The Patenge Professor will have access to 
graduate students in his/her department(s) as well as 
graduate students in two interdepartmental programs: Cell & 
Molecular Biology, and Genetics. The Patenge search is part 
of a coordinated, well-funded initiative to enhance research 
on human disease at MSU. The search for the Patenge 
Professor will run concurrent with a second search for a 
tenured/tenure stream Assistant, Associate or full Professor 
also in cancer biology, to be appointed in one or more of the 
following departments: Biochemistry & Molecular Biology, 
Microbiology & Molecular Genetics, Pharmacology & 
Toxicology, or Physiology. 


Tenure System, 12-month basis, 100% time. 


Salary: $120,000-180,000. Salary and rank commensurate 
with qualifications, degree and experience. 


QUALIFICATIONS: Doctorate or other terminal degree. The 
Patenge Professor will possess a research and/or medical 
degree (e.g., Ph.D., Sc.D., D.O., M.D., D.V.M.). Candidates 
must have a background that demonstrates their ability to work 
synergistically with both scientific and medical colleagues. An 
ideal candidate will possess a superior record of peer-reviewed 
publications and an outstanding record of funded research in 
topics related to human cancer biology. The Patenge Professor 
will provide energetic leadership and creative direction in 
building a world-class cancer research program. 


MICHIGAN STATE 
UNIVERSITY 


APPLICATIONS: Due November 1, 2010. Late submissions will 
be considered if a suitable candidate pool is not identified by the 
deadline. Applicants who are not U.S. citizens or permanent 
residents must provide documentation evidencing employment 
authorization in the United States. Applicants should refer to 
position 34-862. Send a letter of application, a detailed 
curriculum vita and a statement of research goals along with 
pertinent reprints and contact information for three references 
(address, e-mail, and phone). These materials should be 
addressed to: Chairperson, Patenge Search Committee, 
Carcinogenesis Laboratory, 341 Food Safety & Toxicology 
Building, Michigan State University, East Lansing, Ml 48824. 
E-mailed submissions in PDF format are welcomed and 
encouraged at patenge.search@hc.msu.edu. 


MSU is committed to achieving excellence through cultural 
diversity. The university actively encourages applications 
and/or nominations of women, persons of color, veterans and 
persons with disabilities. 


MSU IS AN AFFIRMATIVE ACTION, 
EQUAL OPPORTUNITY EMPLOYER. 


CANCER BIOLOGY PROFESSOR 


Michigan State University in East Lansing, Michigan, invites 
applications and nominations to fill a tenured/tenure stream 
faculty position in cancer biology to be appointed in one or more 
of the following departments: Biochemistry & Molecular Biology, 
Microbiology & Molecular Genetics, Pharmacology & Toxicology, 
or Physiology. The position includes competitive salary, startup 
package, and academic rank (Assistant, Associate or full 
Professor) commensurate with previous experience. 


MSU has research strengths in a wide array of basic and 
Clinical sciences that promote a highly collegial and 
interdisciplinary environment with many collaborative 
opportunities. MSU has established state of the art research 
support facilities in such areas as genomics, proteomics, and 
microscopy. The candidate who fills this position will have 
access to graduate students in his/her department(s) as well as 
graduate students in two interdepartmental programs: Cell & 
Molecular Biology, and Genetics. This search is part of a 
coordinated, well-funded initiative to enhance research on 
human disease at MSU. This search will run concurrent with 
the search for the Walter F. Patenge Health Sciences Professor 
in Cancer Biology. 


Tenure System, 9-month basis, 100% time. 


Salary: $70,000-110,000. Salary and rank commensurate 
with qualifications, degree and experience. 


QUALIFICATIONS: Doctorate or other terminal degree. The 
candidate will possess a research and/or medical degree (e.g., 
Ph.D., Sc.D., D.O., M.D., D.V.M.). Candidates must have a 
background that demonstrates their ability to work synergistically 
with both scientific and medical colleagues. A strong record of 
research accomplishment and an independent externally funded 
research program with national visibility are required. Preference 
will be given to applicants with a successful track record of 
sustained, collaborative, peer-reviewed (particularly NIH) 
funding and high quality publications in topics related to human 
cancer biology. 


MICHIGAN STATE 
UNIVERSITY 


APPLICATIONS: Due November 1, 2010. Late submissions will 
be considered if a suitable candidate pool is not identified by the 
deadline. Applicants who are not U.S. citizens or permanent 
residents must provide documentation evidencing employment 
authorization in the United States. Applicants should refer to 
position 34-460. Send a letter of application, a detailed 
curriculum vita and a statement of research goals along with 
pertinent reprints and contact information for three references 
(address, e-mail, and phone). These materials should be 
addressed to: Dr. J. Justin McCormick, Associate Dean for 
Research, College of Osteopathic Medicine, Michigan State 
University, 341 Food Safety & Toxicology Building, Michigan 
State University, East Lansing, MI 48824. E-mailed 
submissions in PDF format are welcomed and encouraged at 
justin.mccormick@hc.msu.edu. 


MSU is committed to achieving excellence through cultural 
diversity. The university actively encourages applications 
and/or nominations of women, persons of color, veterans and 
persons with disabilities. 


MSU IS AN AFFIRMATIVE ACTION, 
EQUAL OPPORTUNITY EMPLOYER. 
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DIRECTOR 
DIVISION OF BIOLOGICAL SCIENCES 
University of Missouri-Columbia 


The Division of Biological Sciences (www.biology.missouri. 
edu) at the University of Missouri in Columbia, Missouri (http: 
//www.visitcolumbiamo.com/) invites applications for a Director with 
a tenured academic appointment. The new Director of the Division of 
Biological Sciences should be a strong leader and administrator, with a 
vision for the Division that recognizes its strengths as a broad, integrated 
department, but which is also forward-looking with respect to future devel- 
opment. He or she should have a commitment to education and diversity, 
and have a demonstrated record of scientific success that, together with his 
or her other qualities, commands respect from colleagues throughout the 
Division, University, and scientific community. The successful candidate 
will join a diverse group of biologists in the Division of Biological Sci- 
ences with interests in cell and molecular biology, genetics, physiology, 
neurobiology, behavior, ecology, conservation and evolution. We offer a 
highly competitive salary and start-up package, an active doctoral program 
with institutional support for students, and a highly interactive faculty. 
We are deeply committed to ethnic, racial and gender diversity in our 
faculty and strongly encourage applications from women and members 
of groups underrepresented in science. 


Send application by e-mail to: DBSDirector@missouri.edu. Attach a 
single Adobe Acrobat PDF or Microsoft Word document that includes 
your vitae, statement of interest in the Director’s position, and statement 
of research and teaching interests. The names and contact information of 
three references will be requested from the finalists. Review of applica- 
tions will begin 1 October 2010 and will continue until the position is 
filled. To request ADA accommodation, please contact Johnette Blair 
at 573-882-6659 or BlairJo@missouri.edu. 


MU is an Equal Opportunity-Affirmative Action Employer. 


_ UCBAVIS 
SCL of MEaicIve 


FACULTY POSITION 


THE CENTER FOR COMPARATIVE MEDICINE 
Schools of Medicine and Veterinary Medicine 
University of California, Davis 


Candidates are sought for a tenure-track position at the level of ASSISTANT 
or ASSOCIATE PROFESSOR/ASSISTANT or ASSOCIATE PROFES- 
SOR IN RESIDENCE in the Center for Comparative Medicine, a research 
center at the University of California, Davis, co-sponsored by the Schools of 
Medicine and Veterinary Medicine and a relevant Instructional and Research 
(I&R) academic department. The center is engaged in investigative research 
involving animal models of human disease. We seek individuals with Ph.D., 
D.V.M and/or M.D. degrees, postdoctoral experience and a record of publication 
in high-quality journals. We are soliciting applications from candidates who 
have enthusiasm for the investigation of human infectious diseases in animal 
models and the concepts of “One Health”. Candidates are expected to have or 
to establish and maintain a strong extramurally funded research program and to 
participate in professional and graduate education in their fields. Ample office 
and laboratory space is available in the Center (including access to BSL2 and 
BSL3 laboratory space), with state-of-the art facilities, instrumentation, and 
administrative support. Center research and teaching programs interdigitate 
with other campus-wide programs and resources in the Schools of Medicine 
and Veterinary Medicine, the Mouse Biology Program, the California National 
Primate Research Center, and the Cancer Center. Faculty members will hold 
an academic appointment in the commensurate department of the School of 
Veterinary Medicine. The position will provide 0.5 salary support. Review of 
applications will commence immediately until the position is filled. Priority 
will be given to applications received by October 1, 2010. 


Submit applications with letter of interest, curriculum vitae, concise statement 
of present and future research plans, summary of teaching experience, up to 
three representative reprints, and names of four references (including addresses, 
telephone numbers and e-mail addresses) to: Recruitment Committee Chair, 
c/o Center for Comparative Medicine, University of California, Davis, 
CA 95616. 


The University of California is an Equal Opportunity/Affirmative Action 
Employer. 


Faculty Position 
Cell Biology Program 
Sloan-Kettering Institute 


The Cell Biology Program, Sloan-Kettering Institute (www.ski.edu) 
has initiated a search for tenure-track faculty members. We are 
interested in outstanding individuals who have the potential 
to develop an innovative, independent research program that 
complements and enhances our existing strengths. Candidates 
with research interests in exciting areas of eukaryotic cell biology, 
including aspects of stem cell biology, and using a variety of 
experimental approaches and systems are encouraged to apply. 
New faculty will be eligible to hold graduate school appointments 
in the Gerstner Sloan-Kettering Graduate School of Biomedical 
Sciences, the Weill Graduate School of Medical Sciences of Cornell 
University, as well as the Tri-Institutional MD/PhD Training 
Program. Sloan-Kettering has an outstanding infrastructure as 
well as state-of-the-art core resources, and we are now significantly 
expanding our research programs. 


The deadline for applications is November 1, 2010. Interested 
candidates should visit http://facultysearch.ski.edu to access the 
on-line faculty application. Please visit the site as soon as possible, 
as it contains important information regarding the required 
application materials, including deadlines for submission of letters 
of reference. Informal inquiries may be sent to Tiffany Lennon at 
lennont@mskcc.org or Dr. Alan Hall, Chair, Cell Biology Program 
at halla@mskcc.org. Memorial Sloan-Kettering Cancer Center is an 
equal opportunity and affirmative action employer committed to 
diversity and inclusion in all aspects of recruiting and employment. 
All qualified individuals are encouraged to apply. 


KETTERING 
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= Memorial Sloan-Kettering 
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PHYSICAL AND/OR ANALYTICAL CHEMISTRY 
COLLEGE OF NATURAL SCIENCES AND MATHEMATICS 
Department of Chemistry and Biochemistry 
California State University, Fullerton 


The Department of Chemistry and Biochemistry at California State Uni- 
versity, Fullerton invites applicants for up to two full-time, tenure-track 
positions at the ASSISTANT PROFESSOR level beginning fall 2011. 
Successful candidates must be committed to excellence in teaching and 
research. Primary teaching responsibilities will be in analytical and/or 
physical chemistry lecture and laboratory courses at the undergraduate 
and graduate levels, as well as general chemistry. Applicants must have 
a doctorate in chemistry, postdoctoral or equivalent research experience, 
and have the potential to develop a vigorous research program involving 
undergraduate and graduate students that attracts external funding and 
leads to refereed publications. Research interests in all areas of physical 
and/or analytical chemistry, including those in related and cross-dis- 
ciplinary areas will be considered. Collaboration with other faculty in 
chemistry, biochemistry, geology, biology, etc., is encouraged. Addi- 
tional information is available from http://chemistry.fullerton.edu 
and http://diversity.fullerton.edu. 


Applicants should send printed copies of a letter explaining how they 
meet the qualifications outlined above, a curriculum vitae, statements 
of teaching philosophy, research plans and goals, and arrange to have 
three signed letters of recommendation from individuals familiar with 
their teaching and research potential sent to: Chair, Chemistry Search 
Committee, Department of Chemistry and Biochemistry, California 
State University, Fullerton, P. O. Box 6866, Fullerton, CA 92834- 
6866. Review of applications will begin October 15, 2010 and will 
continue until a suitable candidate is appointed. Salary is competitive 
and commensurate with experience and qualifications. 


CSUF is an EEO/Title 1X/503/504/VEVRA/ADA Employer. Women 
and minority candidates are particularly encouraged to apply. 


BAYLOR 


UNIVERSITY 


Baylor University is pleased to accept applications for two new tenure-track 
strategic hires associated with the Center for Reservoir and Aquatic Systems 
Research (CRASR). 


Positions are available in the areas of aquatic stress or water quality model- 
ing (Department of Environmental Science) and aquatic microbial ecology 
(Department of Biology). Candidates must have an earned Ph.D. or equiva- 
lent degree and have a strong track record in research and scholarship. The 
successful candidate will develop a vibrant, independent and externally- 
funded research program with a record of refereed publications in high quality 
journals. Teaching is expected at both the undergraduate and graduate levels. 
Baylor offers the Master’s in Environmental Science, Ph.D. and Master’s 
in Biology as well as interdisciplinary Ph.D. degrees through The Institute 
of Ecological, Earth and Environmental Sciences programs (TIE3S) and 
Institute of Biomedical Studies (BMS). A strong interdisciplinary research 
focus and developing records in publishing and securing external funds is 
essential. Additional information regarding CRASR and the Departments of 
Biology and Environmental Science is available online. Additional informa- 
tion regarding the expectations of the positions and application process is 
available at http://www.baylor.edu/hr_services/index.php?id=1342. 


Chartered in 1845 by the Republic of Texas, Baylor University is the oldest 
university in Texas and the world’s largest Baptist University. Baylor’s mis- 
sion is to educate men and women for worldwide leadership and service by 
integrating academic excellence and Christian commitment within a caring 
community. Baylor is actively recruiting new faculty with a strong commit- 
ment to the classroom and an equally strong commitment to discovering new 
knowledge as Baylor aspires to become a top tier research university while 
reaffirming and strengthening its distinctive Christian mission as described 
in Baylor 2012. 


Baylor is a Baptist university affiliated with the Baptist General Conven- 
tion of Texas. As an Affirmative Action/Equal Employment Opportunity 
Employer, Baylor encourages minorities, women, veterans, and persons 

with disabilities to apply. 


Burnett School of Biomedical Sciences 
College of Medicine 


Associate Director 


Burnett School of Biomedical Sciences, College of 

Medicine seeks an Associate Director to provide 

leadership to its research enterprise. The school is 

expanding its research programs in Cancer, 

Cardiovascular and Metabolic, Neurodegenerative 

and Infectious diseases into the new 198,000 sq.ft. Burnett Biomedical 
Science Building. The school will be recruiting more than a dozen new 
faculty within the next few years. The Burnett School has over 2400 
majors and over 14,000 students are enrolled in the courses taught by the 
school faculty. The school offers MS and PhD degrees and MS/MBA 
and PhD/MBA programs. 


The Associate Director is expected to maintain a highly funded research 
program in any of the four focus areas of the school and provide leader- 
ship to the entire research enterprise and graduate programs of the 
school. The successful candidate must hold an earned doctorate in a dis- 
cipline appropriate to the school and must have a distinguished record of 
scholarly accomplishment meriting appointment with tenure at the rank 
of professor in the school. 


A leadership role in recruiting new faculty will be expected. State of the art 
research facilities including shared core instrumentation and a large trans- 
genic animal facility are available in the Burnett School. UCF the nation’s 
third largest university, ranked third in innovation and patents, is located in 
the great metropolitan area of Orlando. The Burnett Biomedical Science 
building is located in the new Health Science campus at Lake Nona that is 
home also for the new College of Medicine, Sanford-Burnham Medical 
Research Institute, Nemours Children’s Hospital and VA hospital, the begin- 
nings of an exciting major medical city in Central Florida. Further 
information is available at http://www.biomed.ucf.edu 

Please submit nominations or a CV and a 

list of at least four references to 
1 pk @mail.ucf.edu 
Pn Eee oe The University of Central Florida is an equal oppor- 


c é niral tunity, equal access, and affirmative action employer. 


| ‘= As a member of the Florida State University System, 
F rl da all application materials and selection procedures 


are available for public review. 


HOWARD HUGHES MEDICAL INSTITUTE 


JANELIA 
CONFERENCES 


SPRING 20II 


‘The Janelia Farm Research Campus is pleased to announce 
its ninth season of conferences. These small, intense 
conferences are intended to foster rapid scientific advances 
and collaborative interactions. All participants are expected 
to contribute to the intellectual content of the meetings. 
The Howard Hughes Medical Institute fully supports 
the Janelia Conferences—there are no registration, 
accommodation, or dining fees for participants. The 
conference organizers invite all participants, selecting 
some from an open pool of applicants. 


Neural Circuits and Decision Making in Rodents II = March 6-9, 201 
Organizers: Josh Dudman and Alla Karpova (HHMI/Janelia Farm) 
and Peter Dayan (University College London) 


Vision in Flies = March |3—16, 201! 
Organizers: Axel Borst (Max Planck Institute), Chi-Hon Lee (National 
Institutes of Health), and Michael Reiser (HHMI/Janelia Farm) 


Producing and Perceiving Complex Acoustic Signals: Songbirds and 
Mice as Model Systems » March 20-23, 201| 

Organizers: Allison Doupe (University of California, San Francisco), 
Roian Egnor (HHMI/Janelia Farm), and Christine Portfors 
(Washington State University) 


Multiphoton Imaging: The Next 6x1! 0*3 Femtoseconds 

April 3-6, 2011 

Organizers: Na Ji and Karel Svoboda (HHMI/Janelia Farm) and 
David Kleinfeld (University of California, San Diego) 


The Expanding Roles of Mitochondria in Cell Biology and Disease 
May 9-12, 201| 
Organizers: David Clayton (HHMI/Janelia Farm), Gerald Shadel (Yale 


University), and Susan Taylor (HHMI/University of California, San Diego). 


Learning and Memory: A Synthesis of Flies and Honeybees 

May 15-18, 2011 

Organizers: Ron Davis (The Scripps Research Institute), Martin Giurfa 
(Centre National de la Recherche Scientifique), and Leslie Griffith 
(Brandeis University). 


Computations in Neocortical Circuits: What Does the Cortex Do? 
May 22-25, 201| 

Organizers: Mitya Chklovskii (HHMI/Janelia Farm), Tony Movshon 
(New York University), Alex Thomson (University of London), and 
Rafael Yuste (HHMI/Columbia University). 


Janelia Farm offers scholarships to graduate students who would otherwise 
be unable to participate in the conferences. The scholarships fund students 
who are from groups that are underrepresented in the sciences or who come 


from disadvantaged backgrounds. 


Information: www.hhmi.org/janelia_conflsci 
Application deadline: November 10, 2010 


HHMI 
Janelia farm 


research campus 
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Science Careers 


Nontraditional Careers: 
Opportunities Away From the Bench 


Webinar 


Want to learn more about exciting and rewarding careers 
outside of academic/industrial research? View a roundtable 
discussion that looks at the various career options open to 
scientists across different sectors and strategies you can 


use to pursue a nonresearch career. 


Now Available 
On Demand 


www.sciencecareers.org/webinar 


Participating Experts: 

Dr. Lori Conlan 

Director of Postdoc Services, 

Office of Intramural Training and Education 
National Institutes of Health 


Pearl Freier 
President 
Cambridge BioPartners 


Dr. Marion Miiller 

Director, DFG Office North America 
Deutsche Forschungsgemeinschaft 
(German Research Foundation) 


Richard Weibl 

Director, Center for Careers in 
Science and Technology 
American Association for the 
Advancement of Science 


Produced by the 
Science/AAAS Business Office. 


Science Careers 


From the journal Science m\ AAAS 


FACTS& FICTION 


Careers in Industry and Academia 


WEBINAR 


September 22, 2010 © 12 noon Eastern Time © 9 a.m. Pacific © 4p.m.GMT 


As you near the next stage of your career, you probably 
have many questions about various career paths. Do 
industry and academic careers require different skill 
sets? How can | best prepare for either career option? 
Do industry jobs have better compensation? Less au- 
tonomy? Do academic scientists have less work/life 
balance? Are there enough academic job openings for 
everyone who wants one? 


Get answers to your questions by viewing our round- 
table discussion examining facts and fiction surround- 
ing academia and industry career options for Ph.D.- 
level scientists. 


Questions can be asked live! 


Register today for free. 
www.sciencecareers.org/webinar 


Participating Experts: 


Robert Tillman, Ph.D. 
Director of Faculty Professional Development 
Columbia University Medical Center 


Leslie Pond, Ph.D. 
Head, Postdoctoral Program Education Office 
Novartis Institutes for BioMedical Research 


3rd panelist to come 


Produced by the 
Science/AAAS Business Office. 


Science Careers 
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Learn how current events 
are impacting your work. 


Science\nsider, the new policy blog from the journal Science, is your source 
for breaking news and instant analysis from the nexus of politics and science. 


Produced by an international team of science journalists, Sciencelnsider 
offers hard-hitting coverage on a range of issues including climate change, 
bioterrorism, research funding, and more. 


Before research happens at the bench, science policy is formulated in the 
halls of government. Make sure you understand how current events are 
impacting your work. Read Sciencelnsider today. 


www.Sciencelnsider.org 


Sciencelnsider 


Breaking news and analysis from the world of science policy 


BIOLOGIST 


BROOKLYN COLLEGE, CUNY Science Careers js the caialys: 


The Department of Biology seeks a broadly trained 
biologist whose research will add to the breadth and 
depth of the department. The research should include 
systematic and molecular approaches in one or more of 
the following areas: systematics of microbial or other 
ecology, environmental biology, evolution, or behavior. 
This work should relate to the College's initiative in the 
urban environment, including urban marine estuaries. 
The faculty member will participate in teaching 
appropriate undergraduate and graduate courses that 
relate to his/her specialty. Development of a strong, 
competitive, research program that trains undergraduate 
and graduate research students and generates external 
grant funding is essential. Participation in the CUNY 
biology doctoral program is required. 


An appropriate Ph.D. degree in biology or a related field 
is required. Post-doctoral experience with publications 
in peer-review biology journals; well-defined plan for 
developing an independent research program that will 
generate external funding and provide research 
training for undergraduate and graduate students; 
effective communication skills that will enable the 
candidate to teach at the undergraduate and graduate 
levels; and some appropriate teaching experience. 


for your ambition. 


This is a tenure-track position, with competitive salary Promodiag wourambilion is whatwe de. Whether 


and benefits to begin Fall Semester 2011. Lab space 
and start-up funds for research will be provided. The 
successful candidate will join a research-active 


department of 18 faculties with expertise in for an accelerated lie, 


microbiology, molecular and _ cell biology, 


Wou'ne seeking acim poh oe pare anhwancnment ir 
yourchosen Peld. Scence Careers is pour catalyst 


Your Future Awalts, 


bioinformatics, and behavioral neurobiology. IMOTOred Website Faatures: 


For additional information and application instructions, 
please visit www.brooklyn.cuny.edu/faculty2011 


An AA/EO/IRCA/ADA 
Employer. 


# | Automated tots fara mare etterthe search 


2 New design horeadier nivigalion 
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% More relevant job search resuils 
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Scleneetlareers.org 


Download your free copy. 
ScienceCareers.org/booklets 


R Careers Away 
AENDS frontier 


This booklet is brought to You by 
the AAAS/Science Business Office 
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Developmental Neuroscience 
Faculty 


We are seeking an enthusiastic, well-trained molecular/cellular neu- 
robiologist with an interest in the developing nervous system. The 
Department of Psychiatry brings together scientists and clinicians from 
different disciplines and departments who study neural and behavioral 
processes and how these relate to the etiology and treatment of psychiat- 
ric illness, including neurodevelopmental disorders such as autism. UIC 
is a research intensive university that boasts a rich and interdisciplinary 
neuroscience community within a vibrant, cosmopolitan, city that offers 
a rich and varied academic environment. 


Faculty will be expected to oversee an active competitively-funded 
research program in the general area of cell and molecular neuroscience 
pertinent to the developing nervous system. Faculty will train graduate 
students (Ph.D and M.D/Ph.D) in neuroscience in the classroom and 
as a dissertation advisor, and will have opportunities to teach medical 
students and psychiatry residents. The successful candidate will have a 
Ph.D., and/or M.D. or equivalent degree in a relevant area of biomedi- 
cal sciences and be an established investigator with a track record of 
active funding. Teaching experience is highly desirable. Rank/tenure is 
commensurate with qualifications. Joint appointment in a suitable basic 
science department is an option. The department is willing to make a 
substantial commitment to this recruitment including a competitive 
package, with new laboratory space and ongoing institutional support 
for research. Start as early as June 1, 2011. 


For full consideration, submit a CV and letter of interest (preferably 
as a pdf) to Search Committee c/o Saundra E. Brady via e-mail: 
sbrady@psych.uic.edu by October 1, 2010. 


The University of Illinois at Chicago is an AA/EO Employer. 


online @sciencecareers.org 
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POSITIONS OPEN 
UM EVERSITYal WIS CONE IE 


UMILWAUKEE 


DIRECTOR 
Milwaukee Institute of Drug Discovery 


The Milwaukee Institute of Drug Discovery (MIDD) 
is a centerpiece of the University of Wisconsin- 
Milwaukee’s transformation into a top research university 
with a focus on biomedical and research. The Institute 
will establish an inter-departmental and inter-institutional 
program in therapeutics focused on neurological disor- 
ders, cancer, and infections. We are seeking a director to 
manage the institute, interface with pharmaceutical com- 
panies and private foundations, and promote collabora- 
tive, federally funded projects. This position will either 
be a senior faculty appointment or a probationary aca- 
demic staff appointment, depending on the goals and 
particular qualifications of the candidate. Required qual- 
ifications: Ph.D. ina relevant field (biological and chemi- 
cal sciences or related science, technology, engineering, 
and mathematics area) with seven or more years of ex- 
perience in pharmaceutical research and development. 
Applicants must have extensive experience with pre- 
clinical development and investigational new drug filing 
as well as demonstrated success guiding lead compounds 
into clinical trials. Preferred qualifications: Special con- 
sideration will be given to candidates with experience 
writing competitive extramural funding applications. Ex- 
perience overseeing and coordinating multidisciplinary 
research projects, including supervision of a diverse re- 
search team, is also highly desirable. The ideal candidate 
will have expertise in a broad spectrum of therapeutic 
areas, including neurological diseases, cancer, and infec- 
tious diseases. A detailed understanding of patent law 
and related legal practice is also desirable. To apply for 
this position as a faculty appointment, please visit website: 
http://jobs.uwm.edu/postings/4787. To apply for 
this position as an academic staff appointment, please 
visit website: http://jobs.uwm.edu/postings/4795. 
Completed application materials include: a cover letter, 
curriculum vitae with a research history, and the names 
and contact information of three references. Evalua- 
tion of applications will begin October 1, 2010, and 
will continue until the position is filled. 7 he University of 
Wisconsin-Milwaukee is an Affirmative Action/Equal Opportu- 
nity Employer. 


FACULTY POSITION in 
PHARMACOLOGICAL CHEMISTRY 
Department of Chemistry and Biochemistry at 
UC San Diego 


The Department of Chemistry and Biochemistry 
within the Division of Physical Sciences at University 
of California San Diego (UCSD, website: http://www- 
chem.ucsd.edu) is committed to academic excellence 
and diversity within the faculty, staff, and student body. 
We invite applications for a tenure-track position in 
Pharmacological Chemistry. Candidates must have a 
Ph.D. in one of the chemical /biological sciences and a 
demonstrated ability or potential for a recognized pro- 
gram of excellence in both teaching and research in 
Pharmacological Chemistry, broadly defined. A success- 
ful candidate will be judged on teaching and research 
accomplishments as well as potential for demonstrated 
leadership in areas contributing to diversity. Salary is 
commensurate with qualifications and based on Uni- 
versity of California pay scale. Candidates should submit 
online curriculum vitae, list of publications, reprints of 
up to five representative papers, and a personal state- 
ment that includes a summary of research plans as well 
as their past or potential contributions to diversity at 
website: https: //apol-recruit.ucsd.edu/. Please select 
the following job opening: Chemistry and Biochem- 
istry ASSISTANT PROFESSOR in Pharmacological 
Chemistry (10-178). Candidates should also arrange 
to have three letters of reference addressing research, 
teaching, and any contributions to diversity submitted 
at the above mentioned URL. Prompt response is rec- 
ommended. Review of applications will commence on 
October 15, 2010 until the position is filled. UCSD is 
an Affirmative Action/Equal Opportunity Employer with a strong 
institutional commitment to excellence through diversity. 


1234 


POSITIONS OPEN 


IMMUNOLOGIST 
Faculty Position 
University of Saskatchewan, Saskatoon, Canada 


The Department of Microbiology and Immunology, 
College of Medicine, University of Saskatchewan, 
invites applications for a tenure-track faculty position 
as an ASSISTANT PROFESSOR in the discipline 
of immunology. We are interested in an outstanding 
individual who will pursue a vigorous research pro- 
gram. Applicants must have a Ph.D. or equivalent, 
postdoctoral research experience, demonstrated re- 
search ability and be interested in undergraduate and 
graduate education. We are seeking an individual with 
expertise in any field of immunology, either basic or 
clinical. A description of research by current faculty 
members can be found on the department online at 
website: http://www.medicine.usask.ca/microbio. 

The successful applicant will have a broad range of 
interactive possibilities on campus with scientists in cog- 
nate departments, colleges, including the Saskatchewan 
Structural Sciences Centre, the Synchrotron facility 
(Canadian Light Source), and the Vaccine and Infec- 
tious Disease Organization, plus a number of national 
and provincial research institutes. There is an active re- 
search park adjacent to campus dedicated to the com- 
mercialization of innovation. 

The Department is situated in the Health Sciences 
Building which is currently undergoing extensive 
renovation and expansion to become the Academic 
Health Sciences Complex. The Department offers 
vigorous undergraduate and graduate programs. Its 
members are involved in basic and translational re- 
search and interact with colleagues across campus. 

The University of Saskatchewan (website: http:// 
www.usask.ca) is situated along a river in the vibrant city 
of Saskatoon (website: http://www.tourismsaskatoon. 
com), which is a hub of scientific research, the arts, re- 
source development, and agriculture. 

Applicants for the position should provide curricu- 
lum vitae, a statement of research interests and specific 
goals, and the names of three references to: 


Dr. Peter Bretscher, Head 
Department of Microbiology and 
Immunology 
College of Medicine, University of 
Saskatchewan 
107 Wiggins Road 
Saskatoon, SK S7N 5E5 Canada 


Review of applications will begin October 15, 2010 
and continue until a successful candidate is chosen. 


Applicants are invited from qualified individuals regardless of 


their immigration status; however, Canadian or permanent resi- 
dents will be given priority. The University of Saskatchewan is 
committed to Employment Equity. Members of Designated 
Groups (women, aboriginal people, people with disabilities, and 
visible minorities) are encouraged to apply and identify them- 
selves as belonging to a designated group. 


ASSISTANT PROFESSOR of BIOLOGY 


The Biology Department at Creighton University in- 
vites applications for a tenure-track assistant professor- 
ship to begin August 2011. Ph.D. required; postdoctoral 
experience and prior teaching experience preferred. The 
successful applicant will teach General Biology as well 
as courses in one or more of the following areas: mi- 
crobial biology /ecology, cell biology, plant biology, or 
endocrinology. Candidates should possess a strong 
desire to teach in a liberal arts environment. Mentoring 
of undergraduate research students is expected. Tenure 
and advancement require effective teaching and devel- 
opment ofa research program leading to peer-reviewed 
publications. Opportunities exist for collaboration with 
faculty in the Environmental Sciences Program and 
Creighton’s health sciences schools. Please see website: 
http://biology.creighton.edu/jobs/ for additional in- 
formation. Application materials may be submitted at 
website: http://www.creighton.edu/hr/careers/ 
index.php. Application review will begin October 1, 
2010, and continue until the position is filled. Creighton 
is a Catholic Jesuit institution that seeks qualified ap- 
plicants from all backgrounds who believe they can 
contribute to the University’s outstanding educational 
traditions. We are an Equal Opportunity /Affirmative Action 
Employer. Women and minority candidates are strongly encouraged 
to apply. 


POSITIONS OPEN 


INTEGRATIVE SYSTEMS or 
CELLULAR BIOLOGIST 
Tenure-Track Position 

The Department of Biology at Trinity University 
invites applications for an Integrative Systems or 
Cellular Biologist whose expertise contributes to the 
field of neurobiology. The position is tenure-track at 
the rank of ASSISTANT PROFESSOR beginning 
August 2011. Candidates must possess a Ph.D. and 
postdoctoral experience is desirable. Successful can- 
didates must demonstrate commitment to excellence 
in teaching undergraduates and have the potential to 
develop and sustain a quality research program that 
involves significant undergraduate participation. Re- 
sponsibilities include teaching upper division courses 
in the areas of specialty, participation in the intro- 
ductory curriculum, and academic advising. Addition- 
ally, the candidate will interact with our integrative 
neuroscience majors program. Applicants should send 
curriculum vitae, statement of teaching philosophy, 
summary of research interests, selected publications, 
and contact information of three references to: 
Professor Jonathan King, Chair of Search Com- 
mittee, Department of Biology, Trinity Univer- 
sity, One Trinity Place, San Antonio, TX 78212. 
Electronic applications are encouraged and should 
be sent to e-mail: jonathan.king@trinity.edu. For 
more information on the department see website: 
http://www.trinity.edu/departments/biology/. 
Application deadline is 22 October 2010. Women and 
minority candidates are strongly encouraged to apply. Trinity 
University is an Equal Opportunity Employer. 


OPEN FACULTY POSITION 
Boston College Chemistry Department 
http://www.bc.edu/chemistry 


The Chemistry Department at Boston College 
invites applications for the position of ASSISTANT 
PROFESSOR of Organic Chemistry (broadly defined). 
This is a tenure-track position with a hire date in the fall 
of 2011. Applicants will be evaluated on their potential 
to establish a prominent, externally funded research 
program and to excel in teaching at both the graduate 
and undergraduate levels. Successful applicants will join 
a department of approximately 30 postdoctoral fellows, 
125 doctoral students, 200 undergraduate chemistry 
and biochemistry majors, and an internationally recog- 
nized faculty. A Ph.D. in Chemistry, Biochemistry, or a 
related area and postdoctoral experience are required. 

Applicants must: Submit a cover letter, curriculum 
vitae, summary of research plans (maximum of eight 
pages), and summary of research accomplishments 
(two pages)—in one transmission using PDF files—to 
e-mail: chemsearch@bc.edu. 

Arrange to have three letters of reference in PDF 
format transmitted to e-mail: chemsearch@bc.edu. 
Original letters may be requested by the department. 
In your cover letter, please specify the names and con- 
tact information of your three references. 

Submit all application materials electronically on or 
before 15 October 2010. 

Boston College, a university of eight schools and colleges, is an 
Equal Opportunity Employer and supports Affirmative Action. 


MICROBIOLOGIST 


Tenure-track ASSISTANT PROFESSOR in 
Microbiology beginning September 1, 2011. Ph.D. re- 
quired; postdoctoral and teaching experience desirable. 
Responsibilities: teach Microbial Physiology as well as 
Microbial Diversity and Ecology, share in teaching in- 
troductory courses, develop research program in micro- 
biology, pursue extramural funding, supervise MLS. 
theses, and advise majors. Send letter of application, 
brief statements of teaching philosophy and research 
interests, curriculum vitae, reprints, three current letters 
of recommendation, and transcripts (official or photo- 
copy) to: Chair, Department of Biology and Micro- 
biology, University of Wisconsin Oshkosh, Oshkosh, 
WI 54901, by October 22, 2010. At least one letter of 
recommendation should come from candidate’s current 
institution. For additional information see website: 
http://www.uwosh.edu/departments/biology/. 
Employment requires criminal background check. 
Affirmative Action/Equal Opportunity Employer. 
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AAAS is here - increasing diversity in the scientific work force. 


AAAS is working to ensure that every student with an aptitude for science, technology, engineering, and mathematics gets an 
opportunity to pursue a chosen profession, no matter what the challenges. For over 30 years AAAS’s ENTRY POINT! program has 
placed talented, differently abled students in paid internships with leading scientific employers. As a AAAS member your dues 
support these efforts. If you’re not yet a AAAS member, join us. Together we can make a difference. 


To learn more, visit aaas.org/plusyou/entrypoint WN AAAS + U = A 
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PRIZES 


Grete Lundbeck European Brain Research Foundation 
Call for Nominations for 


THE PRIZE OF € 1 MILLION WILL BE AWARDED FOR THE FIRST TIME 
IN COPENHAGEN IN MAY 201] 


Nominations by 15 September 2010 


Nominations will be reviewed by the Selection Committee: 


YVES AGID, FRANCE 
HUDA AKIL, USA 
COLIN BLAKEMORE, UNITED KINGDOM, CHAIRMAN 
FRED. H. GAGE, USA 
TOMAS HOKFELT, SWEDEN, VICE-CHAIRMAN 
FLORIAN HOLSBOER, GERMANY 
RANGA R. KRISHNAN, SINGAPORE 
JES OLESEN, DENMARK 


FOR THE NOMINATION FORM AND DETAILS OF THE NOMINATION PROCEDURE, PLEASE VISIT: 
WWW.THEBRAINPRIZE.ORG 


GRETELUNDBECK | HE 


The Brain Prize recognizes and rewards outstanding contributions to European neuroscience, from basic to clinical 


InBev-Baillet Latour 


NOMINATIONS ARE INVITED 


for the prestigious 


InBev-BAILLET LATOUR 


HEALTH PRIZE 
of 


€ 250,000 


(Two hundred and fifty thousand Euro) 
Theme for 2011: 
Infectious Diseases and Immunology 


This annual award is intended to recognize outstanding scientific achievements in 
biomedical research and/or their practical applications for human health and to encourage 
the laureate in the pursuit of his/her career. Exceptionally, the Prize may be shared between 
two persons who have collaborated over a long period of time. 


The Prize is open to scientists of all nationalities who have not received in their own name 
an equivalent Prize rewarding the work that is submitted. The themes for the next four 
years will be in succession : Neurosciences, Cancer, Cardiovascular Diseases, Metabolic 
Disorders. 


Deadline for nominations : September 30th, 2010 


Nominations must be submitted in an envelope marked "Confidential" to the Secretary 
General of the Fund for Scientific Research-FNRS, rue d’Egmont 5, BE - 1000 Brussels, 
Belgium and postmarked no later than September 30th, 2010. 


The regulations and the nomination forms are available at the InBev-Baillet Latour website 
(www.inbev-baillet-latour.be) and at the Fund for Scientific Research-FNRS website 
(www.frs-fnrs.be). 
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POSITIONS OPEN 


TENURE-TRACK POSITION in 
MOLECULAR and CELL BIOLOGY 
Joint Science Department 
Claremont Mckenna, Pitzer, and Scripps Colleges 


The Joint Science Department invites applications 
for a tenure-track appointment in Molecular and Cell 
Biology at the ASSISTANT PROFESSOR level to 
begin July 2011. The department, which houses the 
biology, chemistry, and physics faculty for Claremont 
McKenna, Pitzer, and Scripps Colleges (three of the 
five undergraduate Claremont Colleges), offers innova- 
tive and interdisciplinary programs in the natural sciences 
and prides itself on its small class sizes. Many faculty 
members participate in collaborative research projects, 
both within the department and with research groups 
at nearby colleges and universities. We seek a broadly 
trained biologist who is committed to excellence in 
teaching and who will develop a vibrant research pro- 
gram that fully engages undergraduate students. Par- 
ticularly desirable is a focus in the broad areas of 
functional genomics and/or computational biology to 
address problems in molecular biology, microbiology, 
immunology, or neurobiology. The position offers op- 
portunities to teach introductory biology, non-majors 
courses, advanced undergraduate courses, and a lab- 
oratory course in the candidate’s field. A Ph.D. degree, 
postdoctoral experience, and a record of scholarly pub- 
lication are required. 

Please apply online at website: https://webapps. 
cmc.edu/jobs/faculty/home.php. Upload a cover let- 
ter, curriculum vitae, statement of teaching philoso- 
phy, a description of proposed research with equipment 
needs, and the names and e-mail addresses of three ref- 
erences. Any inquiries may be addressed to Professor 
Jennifer Armstrong at e-mail: jarmstrong@jsd. 
claremont.edu. Additional information about the depart- 
ment may be found at website: http://www.jsd. 
claremont.edu. Review of applications will begin 
October 18, 2010, and the position will remain open 
until filled. 

In a continuing effort to enrich its academic environment and 
provide equal educational and employment opportunities, The 
Claremont Colleges actively encourage applications from women 
and members of historically underrepresented social groups in higher 
education. The Claremont Colleges are an Equal Opportunity 
Employer. 


DEVELOPMENTAL NEUROBIOLOGIST 
University of Wyoming 


The Department of Zoology and Physiology at the 
University of Wyoming invites applications for a full- 
time, nine-month, tenure-track FACULTY POSI- 
TION at the rank of ASSISTANT PROFESSOR, 
or at a higher rank for an individual with outstanding 
accomplishments, starting August 2011. We seek ap- 
plications from individuals working on any fundamen- 
tal aspect of nervous system development. Individuals 
whose research compliments the system-level approaches 
within the department are especially encouraged to ap- 
ply. The successful candidate must have a Ph.D. or 
equivalent in neuroscience, zoology or an appropriate 
field, show strong evidence of research productivity, 
and a strong commitment to teaching. As a member of 
the Graduate Neuroscience Program, the NIH funded 
Neuroscience Center of Biomedical Research Excel- 
lence, and the Department of Zoology and Physiology; 
the candidate will be expected to develop an externally 
funded research program, and to teach an upper level 
developmental biology course as well as a course in 
their area of expertise. A competitive start-up package 
and access to outstanding microscopy and cellular 
analytical facilities is available. 

Interested applicants should electronically send 
curriculum vitae, a statement or research and teaching 
interests, three publications, and three letters of recom- 
mendation as PDF files to e-mail: zprequest@uwyo. 
edu for the attention of Developmental Neurobiology 
Search Committee. Websites: http://wyo.edu/Zoology; 
http://uwyo.edu/NeuroScience. Review of applica- 
tions will begin October 20, 2010 and continue until 
the position is filled. The University of Wyoming is com- 
mitted to diversity and endorses principles of affirmative action. We 
welcome applications from individuals of all backgrounds, ex- 
periences, and perspectives. 
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POSITIONS OPEN 


CHAIR OF BIOCHEMISTRY and 
MOLECULAR BIOLOGY 


The College of Medicine of The Pennsylvania 
State University is seeking applications from, or 
nominations of, outstanding candidates for the 
Chair of Biochemistry and Molecular Biology. 
This individual will play a key role in a large, 
cross-campus endeavor to build University 
programs in genetics, genomics, and systems 
biology with the recruitment of additional faculty 
members. The new Chair will serve as an 
important link to the international biochemistry 
and molecular biology community and advance 
the position of the department scientifically. In 
addition to leading an active research program, 
the new Chair will embrace the education of our 
medical and graduate students, as well as post- 
doctoral and resident trainees. The successful 
candidate will be an internationally recognized 
scientist with a Ph.D. or equivalent degree who 
has a record of leadership and experience in the 
administrative, teaching and research activities of 
an academic department. The College is part of 
a large, growing, and fiscally stable academic 
healthcare center which includes the Penn State 
Milton S. Hershey Medical Center, Penn State 
Hershey Cancer Institute, Penn State Hershey 
Children’s Hospital, an outpatient surgery center, 
and multiple nearby research and clinic facilities. 
For more information regarding the position, 
please visit website: http://med.psu.edu/web/ 
biochemistry/home. Electronic applications are 
preferred and should be sent to e-mail: 
dsz10@psu.edu and addressed to: Dani S. 
Zander, M.D., Chair of the Department of 
Pathology, Penn State M.S. Hershey Medical 
Center - M.C. H083, P.O. Box 850, 500 
University Drive, Hershey, PA, 17033. 
Resumes accepted until position is filled. 

The College of Medicine of the Pennsylvania State 
University is an Affirmative Action/Equal Opportunity 
Employer. Women and Minorities are encouraged to 
apply. 


ASSISTANT PROFESSOR 
Plant Cell and Molecular Biology 
University of British Columbia 


The Department of Botany at the University of 
British Columbia invites applications for a tenure-track 
Assistant Professor position starting July 1, 2011. We 
seek outstanding applicants who address fundamental 
research questions in plant, algal, or fungal biology using 
cellular, molecular, genetic, genomic, and/or proteomic 
approaches in areas such as physiology, cell biology, 
biochemistry, signaling, epigenetics, and development. 
In addition to pursuing an internationally recognized 
research program, the successful candidate will be com- 
mitted to excellence in the teaching of both under- 
graduate and graduate students. Applicants must have a 
Ph.D. and preferably postdoctoral experience. Salary will 
be commensurate with experience. 

Responsibilities include establishing and conducting 
an internationally competitive, externally funded research 
program, teaching at the undergraduate and graduate 
levels, supervising graduate students, and performing 
service duties for the department, university, and academic/ 
scientific community. 

View full posting and apply at website: http://www. 
hr.ube.ca/careers/faculty_postings.html, Job ID 8385. 
Screening of applications will begin November 1, 2010. 

For information about the Department of Botany 
please visit website: http: //www.botany.ubc.ca. 

UBC hires on the basis of merit and is committed to employment 
equity. All qualified persons are encouraged to apply. However, 
Canadians and permanent residents of Canada will be given priority. 
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MARKETPLACE 


Promab Biotechnologies Inc. 
Custom Monoclonal 
Antibody $4,200 


>3,000 CLONES WILL BE SCREENED 
1-866-339-0871 


www.promab.com info@promab.com 
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